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CHAPTER V 


AIR AT PRESSURES BELOW THE ATMOSPHERE 

A study of the properties of air, and of its applications would 
not be complete without reference to at least a few' of the uses of 
air at pressures below the atmosphere. 

For purposes of experiment and for laboratory uses, these kwv 
pressures are usually obtained by means of the familiar air pump. 

Venturi Vacuum Pump. — Another method of securing these low' 
pressures is by means of a very simple hydraulic air ejector or 
“ venturi vacuum pump” as it is sometimes called. 

This convenient instrument for quickly obtaining an approximate 
vacuum depends on the principle that a fluid passing at a high veloc- 
ity through a converging and diverging nozzle in which the curves 

conform to tire shape of the “vena 
contracta” of a jet from an orifice, 
will produce an approximate vacuum 
at a point nearest its greatest con- 
traction and if an air chamber is 
connected through an orifice at 
this point the air will be drawn 



into the jet and a very good 


Fig. 13. — Hydraulic air pumps. 


vacuum formed in the chamber. 
In the sketch shown in Fig. 13, 
tube A may be connected by a rubber hose to a faucet. The con- 
verging-diverging tube through which the water is forced is shown 
at D. Tube C, which is connected with the chamber from which 
the air is to be exhausted, has a check valve E and is connected 
to the smallest diameter of the nozzle. It lias been found that 
better results are secured when a bailie F is introduced into the dis- 
charge pipe B, as shown. 
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An Investigation of the Performance and Design of the 
Air Ejector Employing Low-pressure Air as the 
Driving Fluid 

By Professor L. J. Kastner, M.A., M.Sc., M.I.Mech.E.*, and J. R. Spooner, M.Sc. Tech., Wh.Sc., 

A.M.LMech.E.f 


The air ejector, in its various forms, is a device which has many applications in engineering practice, 
and several attempts have been made to analyse its mode of action, some of these having been sup- 
ported by experimental work. Most of the experimental results available are related to ejectors in which 
relatively high-pressure steam is utilized as the driving fluid, but even in these cases the information 
provided is restricted to a narrow field. 

The investigation described relates to an air ejector employing as the driving fluid air at a relatively 
low pressure, not exceeding 40 lb. per sq. in. (abs.), and covering a wide range of operating conditions 
by means of interchangeable nozzles. Two distinct experimental arrangements were built — one for the 
set of conditions in which the ejector draws in a relatively small quantity of suction fluid and pumps 
it through a relatively high pressure-ratio, and the other covering conditions in which the quantity 
of suction fluid is much larger, but the pressure ratio is quite small. For a given initial pressure and 
quantity of driving fluid, the rate of mass flow of suction fluid depends chiefly on the diameter of the 
combining tube, in which the driving and suction fluids mix ; in the experiments, the ratio of com- 
bining-tube area to driving-nozzle area was varied in twelve steps, covering a range of area ratios 
from 1-44 to 1,110-0, and compression ratios ranging from about 3 to about 1-001. 

Efforts were made to find the best proportions of those parts of the ejector which exert a major 
influence on performance, and certain conclusions are drawn from the results of the experiments. 
Theoretical aspects of the problem are briefly discussed. 


INTRODUCTION 

The air ejector is a simple form of vacuum pump which has 
many possible applications in engineering practice, and although 
its efficiency, in terms of pumping work at output divided by 
available energy at input, is low compared with that of reciprocat- 
ing or rotary compressors, its convenience, its simplicity, and the 
absence of moving parts make it admirably adapted for many 
applications where low initial and maintenance costs, small size, 
and freedom from mechanical breakdown are more important 
than the absolute amount of energy input required to perform 
a given amount of compression work. Although the efficiency of 
the ejector as a pump is low, its performance can be regarded 
as good since almost the whole amount of energy supplied to it 
re-appears in the delivery stream, mostly as heat. 

Wherever a supply of vapour or gas is available at a pressure 
above atmospheric, the ejector should give useful service, since 
the experiments described indicate that a good performance can 
be obtained with very moderate pressures, and this suggests that 
the ejector principle may, in addition to its obvious applications 
in ventilating plants, condensers, boiler draught inducers, 
vacuum brake systems, and for the carriage of granular material, 
prove worthy of future study and development. 

Most of the early applications of the ejector were concerned 
with the maintenance of a high vacuum in steam condensers, 
and the devices of Parsons, Le Blanc, and Korting are familiar 
to most engineers. The quantity of published information is 
fairly considerable and almost all of it refers to ejectors which 
employ steam as the driving fluid, but the experimental results 
available are somewhat restricted in utility since they apply, 
mostly, to a rather narrow range of working conditions. Previous 
investigations may be roughly divided into two classes — the 
first comprising the results of those workers who appear to have 

The MS. of this paper was originally received at the Institution on 
17th September 1948, and in its revised form, as accepted by the 
Council for publication, on 2nd May 1949. 

* Engineering Department, University College of Swansea. 

f Engineering Department, University of Manchester. 


been chiefly interested in the performance of the ejector as a 
whole, and the second the work of those who have studied the 
processes occurring in free jets and the mixing of one gaseous 
stream with another. In the first class one may mention the 
papers of Watson (1933) j:, Bailey and Wood (1933 and 1939), 
Bosnjakovic (1936), Royds and Johnson (1941), and Keenan 
and Neumann (1942 and 1948), whilst in the second, the work 
of Prandtl (1925), Tollmien (1926), Kuether (1935), Busemann 
(1931), Goff and Coogan (1942), and Hawthorne and Cohen 
(1944) is noteworthy. 

The mixing of two streams of gaseous fluid is a problem of 
great interest but of very considerable complexity, and difficulty 
arises when an attempt is made to generalize from the results 
of individ ual analyses. A theoretical approach to the solution of 
the ejector problem must necessarily be concerned with con- 
ditions arising when two jets of fluid, whose initial pressure 
and specific volume are known, unite, but a solution, when 
achieved, should be in such a form as to enable the performance 
-of a complete ejector to be predicted, and to be compared with 
the results of experiment, when the inlet and outlet conditions 
vary widely. The solution thus demands that attention be given 
not only to the mixing process, but also to the processes of 
expansion and recompression which occur in the practical form 
of the instrument, and requires that the results of the theoretical 
treatment are of sufficiently broad application. Although the 
investigation described below was mainly experimental in 
character, efforts were made to develop a straightforward 
mathematical analysis, and Appendix I gives the outline of a 
theoretical treatment enabling the performance of an idealized 
ejector to be compared with the results of practice. 

APPARATUS 

In view of the number of variables involved, it was decided 
to confine the experiments to single-stage compression, and to 
cover a range of pressure ratios from about 3-0 to about 1-001, 

j: An alphabetical list of references is given in Appendix III, p. 159. 
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the delivery pressure usually being atmospheric. Preliminary 
trials established the importance of the ratio of combining-tube 
throat area to forcing-nozzle throat area in governing the suction 
pressure and the amount of air induced, and provision was made 
for varying this area ratio over a wide range of values, from a 
smallest value of 1-44 to a largest value of 1,110-0. To cover 
this range, two experimental arrangements were constructed : the 
first, termed the “small-area-ratio apparatus”, covered area ratios 
between 1-44 and 40-7 in seven steps, and the second, or “large- 
area-ratio apparatus”, covered area ratios between 76 0 and 
1,110-0 in five steps. The actual area ratios employed were : 1-44, 
2-25, 5-06, 10-07, 14-06, 25, 40-7, 76, 161, 334, 683, and 1,110. 

Small-area-ratio Apparatus. The small-area-ratio apparatus 
is shown in Fig. la. The forcing air entered the apparatus 


The suction air was drawn in through a 4-inch pipe, 10 feet 
long, acting as a flow straightener. At the end of this pipe 
farthest from the intake an airflow meter was fitted, consisting 
of a plate orifice gripped between two flanges, the pressure 
difference across the orifice being obtained by “corner-taps” 
and being measured by an inclined water gauge giving a moderate 
degree of magnification — about 4 to 1. A series of eight brass 
plate orifices enabled a convenient head of water to be obtained. 
The suction vacuum was measured by a mercury or water 
gauge according to its magnitude, and was governed by a valve 
fitted between the suction airflow meter and the suction-air 
reservoir. The delivery air from the ejector was led to a reservoir, 
the pressure in which could be measured by a water gauge and 
could be varied by a valve fitted to the discharge pipe. 

The small-area-ratio ejector consisted of a cast-iron body, as 



A Forcing-air measuring tank. 
B Forcing-air measuring gauge. 
C Air compressor. 

D Electric driving motor. 


Fig. 1. Small-air-ratio Apparatus 

E Forcing-air reservoir. 

F Ejector. 

G Suction-air reservoir. 

H Suction-air-flow straightener and 
orifice meter. 


J Inclined water gauge. 

K Suction-air pressure regu- 
lator. 

L Delivery-air reservoir. 

M Delivery-air regulator. 


through a large tank (160 cu. ft. capacity), equipped with 
measuring orifices, on its way to the air compressor, which was 
of the rolling-drum, rotating-vane type, and was immersed in a 
water bath. By suitably adjusting the flow of water to the bath, 
the temperature in the forcing-air reservoir could be held at 
70±3 deg. F. 


shown in Fig. 1 b. The combining nozzle and diffuser nozzle 
were made either of brass or of phosphor bronze and formed a 
unit which was made a push fit in the body and secured by a 
set screw. The forcing nozzle was fitted to a long brass bush, 
which could be screwed up and down in an outer sleeve and 
secured in any desired position by a locking ring. 
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Large-area-ratio Apparatus. Preliminary trials showed that 
it was necessary to provide a considerable range of movement 
for the forcing nozzle of the large-area-ratio ejector, and if the 
same construction as employed for the small-area-ratio ejector 
had been adopted the ejector body would have been un- 
necessarily large and weighty. Experiment had shown that the 
small-area-ratio ejector would cover a range of pressure ratios 
from about 3 to about 1-01, and it was not anticipated that the 
large-area-ratio apparatus would be employed for pressure ratios 
greater than, say, 1-015. Accordingly, it was decided to design 
the latter apparatus in such a way that the suction pressure would 
always be atmospheric, the discharge pressure consequently 
being somewhat higher. By this means a considerable simplifica- 
tion in design became possible, and it was considered safe to 
assume that the performance of the ejector would not vary 
appreciably when sucking air from a space at a pressure a few 
inches of water below atmosphere and delivering to atmosphere, 
or when pumping air initially at atmospheric pressure to a 
pressure a few inches of water above this. 

The final form of the large-area-ratio apparatus is shown in 
Fig. 2 ; both the forcing nozzle and the combining-and-discharge 
nozzle are adjustable longitudinally. A total range of movement 
of about 16^ inches was provided but for some of the later trials 
this range was much exceeded by detaching the forcing-nozzle 
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of the work, it was decided that the forcing-nozzle throat area 
should be kept constant throughout the experiments, and a 
throat diameter of 4 mm. was adopted, but, towards the end of 
the trials, it was desired to undertake a few experiments with an 
area ratio less than the minimum value then available, which 
was 2-25. Consequently a forcing nozzle having a 5 mm. throat 
was made, which gave an area ratio of 1 -44 with a combining- 
and-discharge nozzle already existing. 

In designing the ejector the main objects were to vary over a 
considerable range (1) the area ratio, (2) the length ratio, or 
length of combining-tube throat divided by its diameter, (3) the 
inlet angle, or flare radius, at entrance to the combining tube, 
(4) the projection ratio, or distance from the discharge end of 
the forcing nozzle to the commencement of the parallel throat 
of the combining tube divided by the diameter of the combining 
tube throat, and (5) the angle of the diffuser. The diffuser 
profiles near the delivery end of nozzles Nos. 12 and 13 are 
somewhat irregular, but the shape at this point was imposed by 
the existing dimensions of the ejector body. 


EXPERIMENTAL RESULTS 

Preliminary Trials. Early experiments showed that ejector 
characteristics could most easily be demonstrated by plotting 




Fig. 2. Large Area-ratio Apparatus 


Tank. 

Orifice plate flanges. 

Orifice plate. 

Combining-and-discharge nozzle. 


E Back plate. 

F Locking ring. 
G Nozzle plate. 


H Forcing nozzle. 

J Forcing-air pipe. 
K Distance bolt. 


plate from the distance bolts and using sights to ensure that the 
forcing jet was truly axial. The combining-and-discharge nozzle 
exhausted into a tank, fitted with baffles to destroy the kinetic 
energy of the delivery stream, and equipped with measuring 
orifices to enable the rate of mass flow to be determined. The 
measuring orifices were calibrated by removing the combining 
tube and the forcing nozzle, and bolting together the two 
retaining flanges, the forcing-air pipe being suitably lengthened. 
The whole of the air which passed through the delivery orifice 
had then passed through the blower, and if the latter was set to 
deliver roughly the same quantity of air as would be handled 
(as the sum total of forcing air plus suction air) by a large-area- 
ratio ejector, it became possible to calibrate the measuring 
orifices of the tank on the delivery side of the ejector, using the 
orifices in the forcing-air measuring tank as standards. The 
pressure difference across the delivery orifice was measured by 
a micrometer water gauge, reading to 0-001 inch. 

Nozzles. The nozzle profiles used in the experiments are 
shown in Fig. 3. In all cases, the entrance cross-section of both 
forcing nozzles and combining-and-discharge nozzles is on the 
left, the exit cross-section on the right. At the commencement 


curves of vacuum, or pressure ratio, against mass ratio (suction 
mass-flow divided by forcing mass-flow). Typical examples of 
such curves, relating to the small-area-ratio apparatus, are shown 
in Fig. 4. The point corresponding to zero mass ratio was 
obtained by measuring the suction vacuum after keeping the 
suction-air regulating valve fully closed for a standard period of 
5 minutes, this vacuum being designated the “terminal vacuum”. 
The regulating valve was then opened slightly, the vacuum was 
reduced, and the suction airflow through the orifice meter was 
measured. This procedure was repeated, with different openings 
of the regulating valve, until the desired range of pressure ratios 
had been covered. 

Three standard forcing pressures, namely, 20, 14, and 7 lb. 
per sq. in. (gauge) were employed throughout the majority of 
the trials. It is believed that the forcing pressures adopted are 
considerably lower than those used by previous experimenters, 
but, nevertheless, by proper attention to design it was found 
possible to obtain good ejector performance. A characteristic 
feature of ejector behaviour is demonstrated by the curves of 
Fig. 4 ; the use of a relatively high forcing pressure will, generally, 
result in a higher terminal vacuum than would be obtained with 
a lower forcing pressure, but, as the vacuum decreases and the 






6 


THE LOW-PRESSURE-AIR-DRIVEN AIR EJECTOR 


153 



*-> 

N, 

^ 

\ 





cxl 


\ \ 

\ \ 
\ \ 





< 

£ 

- 

o 

03 

'"-'-A 


\\ 

\ 



U 

7 

r 

D 

-D 


- 

\ 

A X 

\f Vj 

\ \ 

\ \ 

A ^ 



< z0 
> 





h 

\ 

W 





\ 

X 

\\ 

\ 

\ 

NX 


] 

0 2 

•0 '3 


MASS RATIO AND TOTAL MASS FLOW— LB. PER MIN. PER SQ. C M. 

Fig. 4. Characteristic Curves 

Area ratio = 14-06; forcing nozzle B; combining nozzle 1; dotted 
lines represent curves of mass ratio; full lines represent curves of 
total mass flow. 


• 20 lb. per sq. in. (gauge) forcing 

k 14 

33 33 33 33 

X 7 „ 


pressure. 

33 

33 


mass ratio increases the mass ratios for the two cases become 
more nearly equal, and, for small vacua, the mass ratio may 
actually be greater with the lower forcing pressure than with 
the higher. If, however, total mass flow— forcing mass plus 
suction mass — be plotted against vacuum, it becomes clear 
that the total mass passing per unit area of combining-tube 
throat is greater for a higher forcing pressure than for a lower 
one. 

Forcing Nozzle Design. Although it was not anticipated that 
any difficulties would arise in designing a suitable forcing nozzle 
for the range of pressures to be employed, some trouble was 


experienced in the early stages because an attempt was made 
to use an “over-expanding” forcing nozzle. It has been stated 
(Watson 1933) that over-expansion is advantageous and results 
in a very steady vacuum, but the authors’ experiences with an 
over-expanding nozzle (A in Fig. 3) were discouraging, and it 
is suggested that good results under such conditions may, 
perhaps, be related to the use of higher initial pressures, or to 
the use of steam as a forcing fluid. 

The ratio of exit area to throat area for nozzle A is much 
greater than the theoretical ideal, being 4 instead of a “correct” 
value of rather less than 2 for the pressure ratios involved, but 
a progressive shortening of the nozzle resulting in a reduction 
of exit area (the position of the nozzle outlet relative to the 
combining tube being, of course, kept constant) indicated that 
over-expansion had no advantages, and forcing nozzle B, which 
was used for nearly ail subsequent experiments, was designed 
to give no expansion in the nozzle beyond the throat, and proved 
very successful. The results of a large number of measurements 
showed the mean coefficient of discharge of this nozzle to be 
0-975 over the working range, but no allowance is made for this 
when area ratios are quoted, the measured value of area ratio 
being always employed. 

Optimum Performance of the Ejector. Performance curves, 
similar to those of Fig. 4, were drawn for the whole range of area 
ratios from 2-25 up to 1,110-0 for each of a series of forcing- 
nozzle positions, and it thus became possible to determine the 
best performance of which the ejector was capable. In general, 
the form of the curve relating pressure ratio of compression to 
mass ratio was the same for all area ratios, the effect of increasing 
the area ratio being to increase the suction flow and to decrease 
the pressure ratio; but for area ratios greater than 161 and small 
degrees of compression, the greatest mass flow did not occur at 
the smallest compression ratio, as had been expected, but 
showed a maximum when the compression ratio was somewhat 
greater than unity, and thereafter decreased if the pressure 
difference between the suction and outlet ends of the mixing 
tube was still further lowered, as exemplified by the curves of 
Figs. 5c and 12. This effect may not be a property of the larger 
area ratios only — it was not observed to occur when the pressure 
difference across the mixing tube was greater than about 
0-5 inch of water, and so small a pressure rise is quite outside 
the working range of ejectors for which the area ratio is less 
than about 100, and it was therefore not investigated in such cases. 

When the optimum nozzle positions and dimensions had been 
determined, the highest mass ratio measured at any compression 
ratio for all the area ratios investigated was plotted, the result 
being a series of overlapping curves showing the range of com- 
pression ratios which could be covered by an ejector of any 



Fig. 5. Optimum Performance Curves 
Forcing pressure = 20 lb. per sq. in. (gauge). 


DELIVERY PRESSURE -INCHES OF WATER (C ONLY) 
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known area ratio. The optimum mass ratio obtainable experi- 
mentally for any assigned pressure ratio could be obtained from 
the envelope of these curves. Three such diagrams, for a forcing 
pressure of 20 lb. per sq. in. (gauge) are shown in Fig. 5. For 
the total range of mass ratios, the pressure ratio varied between 
unity and about 3, whilst the area ratio varied between 2-25 
and 683. When the area ratio is increased to 1,110, the best 
mass ratio for a forcing pressure of 20 lb. per sq. in. (gauge) 
showed a reduction as compared with that obtained at an area 
ratio of 683, but the length ratio of the combining and discharge 
nozzle No. 23, corresponding to an area ratio of 1,110, was too 
small to give the best performance and could not be increased. 
A greater length ratio would be expected to give a larger mass 
ratio by analogy with the results of Fig. 12, but the advantage 
of increasing the area ratio beyond 700 or so is still doubtful 
for ejectors employing low-pressure forcing air. 

The chain-dotted curves of Fig. 5 refer to results calculated 
from the theories outlined in Appendix I. For large area-ratios 
the assumption of constant-area mixing agrees reasonably well 
with the experimental results ; for small area-ratios, the assump- 
tion of constant-pressure mixing is preferred, but the dimensions 
of the small-area-ratio ejector were not great enough to enable 
pressure and temperature measurements to be made in the 
mixing tube. 



Fig. 6. Relationships Between Area Ratio and Pressure 
Ratio for Various Mass Ratios 
Forcing pressure = 20 lb. per sq. in. (gauge). 

On the assumptions that mixing occurs at constant pressure 
and constant density in a free space, the equations of momentum 
and continuity indicate that the greatest mass ratio m obtainable 
with any area ratio a is given by the equation m — \'~a— 1. 
Experimental results agree well with this equation over a wide 
range, but for very large area-ratios the agreement breaks down. 

Area ratio, pressure ratio, and mass ratio may be related by 
famihes of curves of the type given in Fig. 6. This diagram 
applies only to a limited range of area ratios, between 1 and 25, 
but within this range it shows the possible variations in pressure 
ratio and mass ratio, including the case of no suction flow. 

Ultimate Pressure Ratio, or Maximum Vacuum. The experi- 
mental relationship between the ultimate pressure ratio r 
(corresponding to the terminal vacuum under “no flow” con- 
ditions) and the area ratio a for area ratios from 1 -44 upwards 
is given by Fig. 7, in which the quantities log 10 (a— 1) and 
JpgioO'—l) are related. It appears that an approximate straight- 
line relationship holds until a critical area ratio is reached, and 
for area ratios less than this the ultimate pressure ratio (or 
maximum vacuum) decreases. 

Further, the results demonstrate that the ultimate compres- 
sion ratio is dependent upon the forcing pressure and, in general. 


increases as this pressure rises, but it is noticeable that the 
critical area ratio becomes greater with an increase of forcing 
pressure. 

A theoretical analysis (Appendix II) confirms these general 
conclusions with a reasonable degree of accuracy. Fig. 8 shows 



Fig. 7. Relationship between Area Ratio and Terminal 
Ratio of Compression 
r is pressure ratio of compression. 

Projection ratio chosen to give maximum compression ratio. 
O 20 lb. per sq. in. (gauge) forcing pressure. 


33 33 33 33 33 
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Fig. 8. Comparison of Computed and Experimental Values 
of Lowest Pressure Attained 
Forcing pressure = 20 lb. per sq. in. (gauge), 
x Experimental values. 

• Calculated values from a = mixing-tube throat area /forcing-nozzle 
exit area. 

O Calculated values from a = mixing-tube throat area/forcing-nozzle 
throat area. 

the lowest pressure ratio attained versus area ratio for a forcing 
pressure of 20 lb. per sq. in. (gauge), and also two theoretical 
curves; the full line curve refers to the case in which the exit 
area of the forcing nozzle is the same as its throat area (this 
applies to forcing nozzle No. 2 which was used throughout the 
experiments described in the present section), and the chain- 
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dotted curve refers to the case in which the exit area of the forcing 
nozzle is correctly proportioned to give the greatest velocity at 
exit. The agreement between the practical and theoretical cases 
breaks down for very small area-ratios but holds above an area 
ratio of about 5. 


, e f j Ct .? rs ln w hich the mixing pressure is less than about 
half the delivery pressure, analysis suggests that the minimum 
area-ratio should be about equal to the ratio of the forcing pres- 
sure to the delivery pressure. 


If the area ratio is made too small, the ejector tends to choke 
itself and part of the jet may blow back into the suction space, 
raising the pressure there and even, in an extreme case, causing 
it to exceed that of the atmosphere. Conditions of this kind 
occurred with the 1-44 area -ratio ejector, the pressure in the 
closed suction vessel at first falling as the forcing pressure was 
increased, then rising, and finally becoming greater than atmo- 
spheric as the choking effect grew more pronounced. Forcing 
nozzle C, Fig. 3, was used to obtain the desired area ratio. 



PROJECTION RATIO 


a 



projection ratio 


b 

Fig. 9. Influence of Projection Ratio 
a Area ratio = 2-25. b Area ratio = 683-0. 

Forcing pressure = 20 lb. per sq. in. (gauge). 

L/D = combining tube length/diameter ; r = pressure ratio; D.P. = 
delivery pressure, inches water. 


Projection Ratio. Fig. 9 shows the effects of changes in 
projection ratio for ejectors having area ratios of 2-25 and 683 
For the small-area-ratio ejector, three sets of three curves each 
are plotted, each set applying to a different pressure ratio, and 
containing information relating to combining tubes of varied 
length of parallel, the values of LjD being 1-0, 2-0, and 7-5 
respectively. For the large area-ratio, pressure ratios are not 
given, as they are nearly equal to unity, but the degree of com- 
pression is indicated by quoting the pressure rise above atmo- 
sphere. (Suction occurs at atmospheric pressure in the large area 
ratio apparatus.) The values of LjD applying in this latter case 
are 1-518, 317, and 7-0. 

The curves applying to the small area-ratio suggest that the 
optimum projection ratio, for that value of LjD which gives the 
best performance, is about 1-5, but if the value of LjD is too 
small the optimum projection ratio becomes larger than 1-5. For 
the ejector having an area ratio of 683 0, the optimum projection 



Fig. 10. Projection Ratio for Maximum Compression 

O 20 lb. per sq. in. (gauge) forcing pressure. 

A 14 „ .. 


ratio falls between zero and 1-0 when the value of LjD is chosen 
correctly, but when the value of LjD is too small the projection 
ratio must be increased. It is concluded that, if the mixing tube 
is too short, the forcing nozzle exit must be moved away from 
the combining tube entrance to enable some mixing to take 
place before the streams enter the tube proper; Fig. 9b indicates 
strong evidence of this. Even with large area-ratios, however, 
it would be too much to expect the total mixing length, for a 
given area ratio, to remain constant, since the character of the 
mixing process will probably be different in the free space 
between forcing nozzle and combining tube from what it would 
be m a single, parallel mixing chamber. The fact that the pro- 
jection ratio should be somewhat greater for small area-ratios 
than tor large ones may be accounted for by supposing that, in 
the former case, pure constant-area mixing is not satisfactory, 
a region of converging flow preceding the constant-area region. 
A convergent passage at entry to the parallel mixing tube would 
appear to be necessary for area ratios less than about 40. 

Fig. 10 shows the projection ratio which was found by 
experiment to give the highest terminal vacuum with no 
secondary air flow for area ratios up to 40-7. Terminal vacua 
were not measured for the larger area-ratios. Over the range 
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covered, it appears that the projection ratio for maximum 
vacuum increases as the area ratio becomes larger, unlike the 
projection ratio for maximum secondary flow, which remains 
substantially constant, but the causes of the peak in the region 
of an area ratio of 10 are not evident. Previous experimenters 
(Watson 1933 and Mellanby 1928) have discussed the influence 
of shock waves in ejectors, but since these waves can only arise 
when the mean velocity of the jet exceeds the acoustic, it would 
seem unlikely that they can account for the phenomena demon- 
strated in Fig. 10, since for a forcing pressure of 7 lb. per sq. in. 
(gauge) the pressure ratio across the forcing nozzle is always 
greater than 0-528, the critical pressure ratio for air. 

Combining Nozzle Design. The correct design of the parallel 
mixing chamber for small-area-ratio ejectors was investigated 
with the help of nozzles Nos. 16, 15, 14, 13, and 12, Fig. 3, and 
forcing nozzle No. 2. By the use, in every case, of a 6 mm. bore 
parallel tube, the area ratio was kept constant at 2-25, and a 
standard type of convergent entry, consisting of a smooth flare 
of 11-5 cm. radius, was adopted. The diffuser angle was 15 deg., 
but, owing to limitations imposed by the ejector body, it was not 
possible to maintain the diffuser design precisely constant 
throughout the tests. However, such differences as existed were 
confined to the delivery end of the diffuser, and it is considered 



Area ratio = 2-25; projection ratio = 1-5; forcing pressure = 20 lb. 
per sq. in. (gauge). 
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that their influence was slight. It will be shown later that a 
15 deg. diffuser is not the most efficient type, and the best 
results obtained here are therefore inferior to some quoted 
later, but the 15 deg. angle was adopted to avoid difficulties 
which would have arisen if an attempt had been made to 
employ in the existing ejector body a smaller angle of divergence 
together with a parallel mixing chamber more than about 6 
diameters long. 

The nozzles available enabled the length/diameter ratio of 
the mixing tube to be varied in five steps to cover a range 
between 1 and 10, and it was found that the optimum ratio is 
in the neighbourhood of 7-5 for forcing pressures of 20 and 
14 lb. per sq. in. (gauge) and is about 5 when the forcing pres- 
sure falls to 7 lb. per sq. in. (gauge). The curves of Fig. 11 refer 
only to a forcing pressure of 20 lb. per sq. in. (gauge) and show 
that the reduction in performance resulting from an incorrect 
choice of parallel mixing tube length is more serious for a high- 
pressure ratio than for a low one — indeed, the mass of suction 
air which can be pumped through a pressure ratio of 2-0 is 
reduced by half if the mixing tube throat length is reduced from 
7-5 diameters to 1 diameter. 

Results obtained with the large-area-ratio apparatus generally 
confirm these findings ; Fig. 12 relates to an area ratio of 683 and 
four different length/diameter ratios, the combining tube varying 


in length from 0-759 to 7-0 diameters. There is again a serious 
loss of performance if the parallel tube is too short, and this 
cannot be recovered by increasing the projection ratio, although 
the optimum projection ratio increases if the combining nozzle 
is shortened below its best length. 

Influence of Entry Angle. A simple conical tube forms a 
convenient entrance to the parallel combining nozzle for small 
area ratios and a series of experiments was carried out to deter- 
mine the best angle of convergence of the cone. For the purpose 
of these experiments, four combining tubes of diameter 6 mm., 
corresponding to an area ratio of 2-25, were designed, having a 
conical entry of total included angle 15, 24, 36, or 50 deg. 
respectively. 

It was found that the angle of the entrance cone was of 
negligible importance as far as the maximum vacuum obtainable 
under “no flow” conditions was concerned, provided the pro- 
jection ratio was suitably adjusted ; for a given projection ratio. 



Fig. 12. Influencejof Length/Diameter Ratio of Parallel 
Mixing Tube 

Area ratio = 683-0; forcing pressure = 20 lb. per sq. in. (gauge); 
suction pressure is atmospheric; the projection ratio is the optimum 
for each length /diameter ratio. 
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however, the mass of air drawn in at any compression ratio below 
that corresponding to the “no flow” condition was in some 
degree dependent on entry angle, the optimum angle falling 
within the range 24-36 deg. and the performance becoming 
distinctly less good if the angle was increased to 50 deg. A 
smaller angle than 24 deg. caused some reduction in performance 
but an entry angle of 15 deg. was better than one of 50 deg. For 
pressure ratios smaller than about 1-10 the influence of entry 
angle was uncertain but such low pressure-ratios are outside the 
ordinary working range for the area ratio of 2-25 to which the 
above trials refer. 

Several of the combining tubes employed, shown in Fig. 3, 
were preceded by a flare of known radius, instead of by a straight 
cone ; experiments indicated that such a flare could give a per- 
formance equal to that of a cone but the cone would, pre- 
sumably, be preferred in most cases because of the greater ease of 
manufacture. The combining tubes employed to give area ratios 
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greater than 25 were all preceded by a flare, and, when a detach- 
able cone of 36 deg. included-angle was substituted for this 
flare during experiments with an ejector of 1,110 area ratio, the 
quantity of air drawn in was reduced if the length of the cone 
was greater than about half its smallest diameter. This result 
should not, however, be expected to hold good for small-area- 
ratio ejectors. 

Influence of Diffuser Angle. The optimum rate of divergence 
of the diffuser was investigated with nozzles Nos. 3, 17, and 18, 
and forcing nozzle No. 2 (Fig. 3). The area ratio was 2-25 
throughout, the length/diameter ratio of the parallel throat was 
3-33, and the length of the diffuser cone was 12 throat diameters. 
The conical diffuser was followed by a smooth bellmouth, 
terminating at the outlet flange. 

The curves of Fig. 13 show results obtained with 5, 10, and 
15 deg. diffusers, and forcing pressures of 7, 14, and 20 lb. per 
sq. in. (gauge), the projection ratio being set to the value which 
gave the best performance over the widest possible range of 
compression ratios. The inset diagram shows results extracted for 
two fixed pressure-ratios, namely, 1-4 and 2-0. The pressure 
ratios quoted represent the delivery pressure expressed as the 
quotient of suction pressure, so that, if the pressure in the mixing 


extend any inferences drawn from the present series of experi- 
ments to cases were widely differing conditions apply. 

CONCLUSIONS 

(1) Single-stage ejectors, in which air is both the suction and 
the forcing fluid, can be designed to pump through pressure 
ratios of compression between 1-0 and 3-0, if the forcing pres- 
sure is 20 lb. per sq. in. above atmospheric, and if the delivery 
pressure is equal to atmospheric. Under such circumstances the 
ratio of suction mass-flow to forcing mass-flow will vary between 
0 and 20, the higher value corresponding to the lower pressure 
ratio. 

(2) The range of area ratio a, defined as combining-tube 
throat area divided by forcing-nozzle throat area, to cover the 
above range of performance is from about 2-25 to about 700. 
It seems doubtful if area ratios above 700, for forcing pressures 
not exceeding 20 lb. per sq. in. (gauge), confer an appreciable 
gain, but the area ratio corresponding to the greatest induced 
flow may depend on the scale of the apparatus and to some 
extent on suction conditions. 

(3) The optimum projection ratio, defined as distance from 
end of forcing nozzle to commencement of parallel mixing tube 
divided by mixing tube diameter, should be about 1 -5 for ejectors 



Fig. 13. Influence of Diffuser Angle 

Area ratio = 2-25 ; projection ratio = 1-67 for 5 and 10 deg. diffusers, and 1-5 for 15 deg. diffuser; F.P. = forcing pressure; 

r = pressure ratio. 

Key to larger figure: 5 deg. diffuser. 10 deg. diffuser. 15 deg. diffuser. 


tube falls appreciably below the pressure measured in the suction 
space, the true pressure ratios across the diffuser will be larger 
than those quoted, and may be greater than the value corre- 
sponding to the sonic ratio (roughly 1-9 for air). Whilst the 
experimental results do not enable an estimate of diffuser 
efficiency to be made, it is apparent that the correct choice of 
diffuser angle is of considerable importance, especially with the 
lower forcing pressures : for instance, when working with an 
overall pressure-ratio of 1-4 and a forcing pressure of 14 lb. per 
sq. in. (gauge), the substitution of a 15 deg. diffuser for a 5 deg. 
one results in a 35 per cent reduction in air quantity entrained, 
and even more with a forcing pressure of 7 lb. per sq. in. 
Under “no flow” conditions the lower efficiency of the 15 deg. 
diffuser is shown by a reduction in the ultimate pressure-ratio 
of compression; at the other end of the range, when the ejector 
is pumping a relatively large mass of air through a small pres- 
sure-range, there is still some indication that it is inadvisable 
to exceed a 10 deg. angle. 

The results suggest that, as the forcing pressure rises, the 
optimum diffuser angle increases, but the data are insufficient 
to enable definite conclusions to be drawn. The problem of 
diffuser design is a difficult one, and it is probably unwise to 


of small area-ratio. For larger-area-ratio ejectors the optimum 
projection ratio falls between zero and 10. These values refer 
to cases where the maximum suction air-flow is desired at a 
given degree of compression, and, if the requirement is merely 
the largest pressure ratio with zero mass flow, no simple relation 
can be given. Variations met with in practice are exhibited in 
Fig. 12. 

(4) The length/diameter ratio of the parallel mixing tube is 
important and should be between 7-0 and 8-0. If this ratio is too 
small, some compensation can be obtained by increasing the 
projection ratio but the performance cannot then be made equal 
to the optimum. 

(5) For cases where the combining-nozzle entrance is conical, 
experiments indicate that the cone angle should be between 
24 and 36 deg. An increase to 50 deg. causes a considerable 
reduction in performance, and, if the angle is made less than 
24 deg., the performance again falls off somewhat, though not 
so seriously. 

(6) The diffuser angle is important in small-area-ratio ejectors 
(say, less than 25) and a value of about 5-10 deg. is indicated. It 
is suggested that no diffuser is necessary when the area ratio 
exceeds about 75. 
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APPENDIX I 


List of Symbols. 


A 

Area of cross-section. 

Cp 

Specific heat at constant pressure. 

g 

Acceleration due to gravity. 

I 

Total heat (enthalpy). 

J 

Mechanical equivalent of heat. 

m 

Mass ratio, suction flow to forcing flow. 

P 

Pressure. 

R 

Gas constant. 

T 

Absolute temperature. 

u 

Velocity. 

p 

Density. 

y 

Ratio of specific heats. 

Wi, v* 2 > y° 

Forcing nozzle, suction passage and diffuser 
efficiencies, respectively. 


Entropy. 


Constant-pressure Mixing. If it is assumed (see Fig. 14a 
and b ) that mixing occurs at constant pressure pa, and that there 



the entropy equations, if A<f> is the gain in entropy on 
mixing, 

(j> e +mcf>f+(l+tri)A<l> = (1 +m)(/>g = (1 +m)<j>h 

T e 

fe == 0a “1“ Op logs 

r J'f 

(j)jt = <j> c -\~Cp logs 

x f 

fig = fih ~ fij fp ~Xf l 
the temperature equations^, 

T e = Ta-^fTa- T t ), Tb = r„^) 

T, = T-^ Z {T C - T d \ T d = tM 


y— 1 

v 


T T Th—Tg 

Tj — T g 4 a 

y]d 


Pi. 

n - tM 


Y - 1 

y 


y— 1 


and the momentum equation, 

u e +muf - (1 +m)u g 

The reheat on’mixing, for 1+m lb. of gas, is 

. _ 1 m 

AI = 2gl (T+m)^- Uf) 

= Cp l +nf^ Tb)— V 7]x 2 (T c —T d )) 



b 



Fig. 14. The Mixing Process 

a and b Constant-pressure mixing. c Constant-area mixing. 


is no appreciable kinetic energy at delivery, the following 
equations apply : — 

the energy equation, 

T a +mT c = {\+m)T 


and this raises the temperature of 1 +m lb. of gas from T t to T g . 


But 


, _ T e +mTf 
‘ ~ 1 +m 


A(f> = c p log* 


T t 


T s 


Al 

~ J+ (l +m)c p 


and a solution may be found for m. A graphical solution for 
constant-pressure mixing was developed, which required the 
use of H-f> charts with lines of constant pressure at very close 
intervals. For accuracy, such charts have to be drawn to a large 
scale, and space was saved by an artifice which allowed the 
“forcing” region of the chart to be drawn to one-quarter of the 
scale of the “suction” and “delivery” regions. 


Constant-area Mixing. For constant area mixing the momen- 
tum equation is, referring to Fig. 14c, 

u e +muf+gpaA m — (1 +m)uj+gp2A m 


The area equations, if v = - , are 


Af = 


mvf 

m [ pf' 

= tjd 7" 

Uf 

Uf \p4* 

Ve 

Va /PlV 

U e 

U e \paj 


Am —A e = Af 


If the pressure ratio across the forcing nozzle is such that the 

nozzle should have a throat area At^.A e ^ then, calling ^ a 

and making L a = T), which was nearly true for the experi- 
ments described, the equation for m becomes for large area 
ratios 


m = 


a__ pi 

0-259 piS vpi/ V 


and for a given area ratio the mass ratio may be calculated for 
a selected value of p 4 . 
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As a check, the momentum equation is solved by writing 

(1 +m)vj (1 +m)Vj 

Uf= A m ~ aA, * 

vj being found by substitution in the energy equation which 
becomes 

T a + mT c = (1 +m)[Tj+^j] 
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If the exit area of the forcing nozzle is the same as the throat 

area and if — is less than the critical ratio, the maximum velocity 
Pi 

attained by the jet within the forcing nozzle is less than the ideal 
value. Nevertheless, the above equation gives a result closer to 
the experimental value of r if the measured area ratio is sub- 
stituted for a rather than an area ratio obtained by assuming 
the correct degree of divergence. This is illustrated by Fig. 8. 


APPENDIX II 


APPENDIX III 


Calculation of Terminal Vacuum, If it is assumed that there 
is no suction flow, and that the forcing jet suffers a sudden en- 
largement in cross-section as it passes from the forcing nozzle 
into the combining tube, and if, referring to Fig. 15 



, Pb Pc 
P B -Poand pB y- pc y 

Then 

pB-po m 0 2 -Wb 2 (m 0 -Mb ) 2 

po - 2 g 2 g 

and 


if the jet velocity is negligible at C. 



These give, if =r,‘^f = a, T t = T c 
P o 


l + 7( 

a-T 

a 2 * 

1- 

/M 

"W 

y— 1 
Y 


Or «-* 

If a is large the denominator 

(H 
= 1. 

'Po' 

Pv 

l?) 

J- 


For known values of p c , p ls and a, p 0 is guessed and the equa- 
te 

tion solved by trial to give — , the terminal compression ratio. 
Po 
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Can Air-Operated Ejectors Solve Your Problem? 

Improved vacuum engineering techniques have advanced performance of air-operated ejectors ; modem units can be made 
10 function over wide ranges of loads and pressures. Here are some details 


BY C.G. LINCK 


F or main' years manufacturers have been marketing air-operat- 
ed ejector. These ejectors have by and large been of the 
"garden variety type involving the more simple applications and 
without too much stress placed on the efficiency of the apparatus. 
We are speaking particularly of purge ejectors, liquid-moving 
ejectors, low-vacuum evacuation ejectors, and similar applica- 
tions. 

Today, however, the air-operated ejector is being considered for 
many applications and the efficiency of the unit has assumed 
prime importance. The aircraft industries, as well as several 
process industries, have begun to recognize the value of air oper- 
ated ejectors, and in some instances, future installations will be 
made using air or a combination of air and steam as the motive 
fluid. 


This article will concern itself with one such installation as well as 
some general data on air-operated ejectors. 

To permit the reader to understand the function of an ejector, the 
principle of operation is given. See Fig. 2; the motive fluid, P., at 
a relatively high pressure is expanded through a nozzle to a lower 
pressure, P z , thereby converting its energy to velocity, and, in 
turn, entrains the load fluid from the lower pressure, P 3 and com- 
presses both fluids to an intermediate or discharge pressure, P 5 . 

An air-steam operated injector has recently been designed, built 
and successfully performance-tested for installation in the altitude 
study facilities at a large eastern university. 
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Referring to Fig. 2, a few general remarks will be of assistance to 
the engineer who is considering the use of air-operated ejectors 
for his facility. 


This ejector is being used to evacuate air and/or combustion 
products in aerodynamic and combustion experiments. The 
installation is believed to be the first of its size and type in the 
L nited States. 


T he motive fluid consists of 13.500 lb per hr of water vapor plus 
24.950 lb per hr of air and combustion products. The mixture is 
at a temperature of 1000 F, and at a pressure of 90 psia. 

TEMPERATURE RAISED 

To attain the high temperature mixture, the university takes air 
from mechanical compressors at 200 F, injects and burns hydro- 
carbon fuel in a specially designed burner, and raises the 
temperature of the gas mixture to approximately 3500 F. Water is 
then injected into the stream to cool the mixture to 1000 F, there- 
by producing the motive fluid specified in the previous paragraph. 

I suailv an ejector, regardless of its type of motive, is designed for 
are condition or for compressing over one range, such as from 24 
:n. Hg Vacuum to atmospheric pressure. In the apparatus under 
discussion, however, the ejector is required to function over many 
compression ranges. Note curve in Fig. 3 which pictures the 
ranges covered. The manufacturer in this case guaranteed the 
entire curve yet maintained high ejector efficiency. 

PRESSURE CONVERTED TO VELOCITY 

The design of the ejector is such that pressure energy is converted 
to velocity as previously stated. The first portion of the ejector is 
supersonic flow, the middle is sonic, and the latter part of the 
unit is subsonic. For the design under discussion, Fig. 4 shows 
Mach number encountered at three points of the unit. The Mach 
numbers are indicative only, since these will change for each par- 
ticular range of compression. 


POINTS TO CONSIDER 

1. As P, increases in pressure, the amount required to perform a 
specified duty is decreased. 

2. As P 5 /P 3 increases, the amount of P. fluid increases. There is, 
however, no direct relationship between increasing P 5 /P 3 and 
the extra motive required. For example, if we consider com- 
pressing from 8 in. Hg abs to 30 in. Hg abs, P 5 /P 3 = 30/8 = 
3.75. From Fig. 3 we note that the amount of motive 
required for each pound of load = 38400/11000 = 3.49/1 
Then if we compress from 4 in. Hg abs to 30 in. Hg abs, 
P 5 /P 3 = 30/4 = 7.5, so one might conclude the ratio would 
be 7.5/3.75 = 2 x 3.49 = 6.98. However, from Fig. 3 we can 
readily see the ratio is 38400/4300 = 9.0/1. In other words, 
increasing the compression ratio merely indicates that the 
amount of propellant required will also increase, the extent 
of which can only be determined by detailed calculations or 
by actual test. 

3. P 2 and P 4 , the nozzle mouth or outlet and the diffuser din 
are of. first importance to performance. While die theors 
necessary for calculating the ejector is reasonably well-known 
by some manufacturers, the actual ejector deviates consider- 
ably from the theoretical. There is no mathematical answer 
for the deviation and therefore engineers interested in air- or 
gas-operated ejectors should refer their problems to experi- 
enced manufacturers of this type of equipment. 

Referring to Fig. 6 , it will be noted that air ratios for various 
vacua at various temperatures are plotted to picture the decrease 
in motive required as the temperature of the motive increases. 

The pressure of the motive air remains the same for all tempera- 
tures listed. 


figure D shows the principal dimensions of the air-steam ejector 


as it left the manufacturer's plant ready for installa- 
tion at the University s altitude test facilities. All 
dimensions are critical in nature and the shop or 
manufacturing technique must be of the highest 
standard in order not to sacrifice efficiency. 

The materials of construction are listed below: 

• Motive Air Inlet - Forged Steel, ASTM — 
A181 

• Suction Chamber — Flanged Quality Steel, 
ASTM — A-285. Gr. C 

• Air Nozzle -wt Stainless Steel 

• Diffuser — Flanged Quality Steel, ASTM — 
A-285, Gr. C. 

A liberal allowance for corrosion is added to the 
thickness required for pressure and vacuum service. 



Fig, 2, Diogfom of ejector; motive fltrid ot high pressure expends from F t to P-, 
converting energy Jo velocity and entraining toad fluid from low-pressure 
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The reader will note that Fig. 6 does not show air 
temperatures beyond 800 F. This is because any 
further increase in air temperature (using 100 psig) 
w ill not decrease the amount of motive or propel- 
lant required. 

This is caused by the fact that as the temperature of 
motive fluid is increased, two things occur. First, 
the velocity of expansion increases, but at the same 
time the duty required for compression increases. 
When the increase in compression duty offsets the 
advantages of the higher temperature motive, the 
point of no return' has been reached. 


FOR EACH PRESSURE, A TEMPERATURE 

I ins means that for each air pressure there is one 
•.•mperature which will yield maximum results. 

> :t nt* wtriation in best temperature for a particular 
motive pressure will exist since the compression 
ratio also plat's a part in determining the most effi- 
cient temperature for any selected motive pressure. 

It is further true that the load temperature will 
influence the selection of the most efficient motive 
temperature for any given motive pressure. 

Figure 7 shows the ratios obtained for various air 
pressures when the propellant temperature is held 
constant. The effect of this curve is to point up the 
importance of the motive pressure as well as the 
motive temperature and other points that have been 
discussed. 

Xaturallv. high-pressure air is extremely desirable, 
but it is mans' times possible to increase the air 
temperature and achieve the desired results even 
though the air pressure is moderately low. 


INFORMATION NEEDED 

In considering air, air-steam, or gas-operated ejec- 
tors, the engineer needs to know the following 
properties and conditions: 

Motive pressure 
Motive temperature 
Motive molecular weight 
Motive specific heat 
Motive specific gravity 
Load suction pressure 
Load suction temperature 
Load molecular 
Weight 

Load specific heat 
Load specific gravity 




Fig, 3, Curve shows range of compression produced by an air ejector at a large 
eastern university, Mod ejectors ere designed to operate at one condition, end 
over relatively narrow range of compression; this unit functions over rang® ebc-v® 


Fig, 4, Conditions existing in air ejector that has performance characteristics 
shown fit Fig, 3, Motive fluid at inlet is supersonic, drops to sonic in throat, qnd 
to subsonic Of outlet, Madh numbers typical of only one set of conditions 



Fig. 5, Physical dimensions of ejector from FTgi, 3 and 4, Dimensions ore very 
critical, but performance is not matter of simple geometry; while theory Is well 
known, actual design of this equipment requires experience with its Intrkocies 
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Kg. 6. Air rail©*,- vortcuji vacuo of various tcfoperatums; 
not* dscrtes* in rrvctiv* r*<pifr«d ai twnpsrofurcs increases 



Rg. 7. Raikss obtained for various air pressures when rise 
propellent t-emperarwe is note motive pressure 


Ejector discharge pressure. (Particular care should be taken to 
add to the discharge pressure any pressure losses anticipated 
from the ejector proper outlet to the final point of discharge. 


In the months and years ahead, the engineer will see more and 
more use of the highly efficient and economical air- or gas-operat- 
ed ejector. The initial cost is frequently lower than other types of 
vacuum producing apparatus, and the cost of obtaining high tem- 
perature motive is usually incidental to the project. Also, the 
operation of an air operated ejector is much quieter than ejectors 
motivated by steam. Like steam-operated ejectors, there are no 
moving parts, hence maintenance costs are negligible and opera- 
tion is trouble free. 
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Air Ejectors Cheaper Than Steam 


When all the cost factors are considered, the 
air-operated ejector often proves to be the superior method 
for producing vacuum. Here are figures you can use. 


F. Duncan Berkeley 

For many years the air-operated ejector 
has been a neglected child in the field of 
vacuum producing apparatus. It has 
been greatly overshadowed by its highly 
successful, fully reliable and popular kin, 
the steam ejector. The popularity of the 
steam ejector has been somewhat 
justified because air-operated ejectors 
have been limited in their use by a 
relatively expensive and somewhat 
scarce supply of high-pressure motive 
air Major reasons for selecting steam 
rather than air to operate ejectors have 


been the unavailability of air 
compressors and the relatively high cost 
of compressed air in most localities. 

Improvements in air compressors have 
greatly reduced the cost of compressed 
air as compared to 20 years ago; and 
the greater availability of compressed air 
in process plants today makes the air 
ejector a reasonable and in some 
instances a preferred means of 
producing a vacuum. 


The fact that air is a non-condensible 
gas under common conditions of 
temperature and pressure, limits its use 
as a propelling material for ejectors to 
two or three stages. In a steam ejector 
the steam from each stage of multistage 
units can usually be condensed in an 
intercondenser and the successive 
stage need handle only the non- 
condensible gases plus a relatively 
small saturation component from all 
previous stages By condensing the 
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Fig. 1 - Ejector nozzle converts air pressure into velocity and the diffuser converts 
velocity back into pressure. 


motive steam from previous stages, it is 
both economical and practical to use as 
many as five or more stages. 

CONSIDER ALL THE FACTORS 

Recent tests and studies on air- 
operated ejectors have brought to light 
some rather interesting and useful facts 
concerning these units. The results, 
although neither highly revolutionary nor 
startling, prove that the air jet has the 
same desirable feature as the steam jet; 
and in some instances can prove to be 
very economical and more desirable 
than the steam jet. 

All factors of cost should be carefully 
considered for a specific application. 

T hey are: 

•: mtial cost of the equipment used to 
produce the compressed air or steam. 
•Versatility of employing steam or air 
generating equipment for other uses in a 
plant or process. 

•Relative costs of compressed air and 
steam for a particular locality. 

•Operating requirements for the ejector, 
both vacuum and load. With all of these 
factors in mind, using the air-operated 
ejector often proves to be quite superior 
to other methods of producing vacuum. 

HOW THEY WORK 

All ejectors operate on a common 
principle. They entrain air or other fluids 
in a high velocity jet of propelling air, 
steam, water or other fluid. And they 
use the kinetic energy in the high 
velocity stream of that fluid to push back 
the atmosphere from the discharge of 
the ejector 

This would suggest that the higher the 
velocity of the jet from the nozzle of the 
ejector, the greater the pressure against 
which the ejector can exhaust. Or if the 
exhaust pressure remains constant, the 
higher the vacuum produced by the 
ejector. This is true and for any 
particular velocity of the jet there is, of 
course, a limit to the vacuum that can 
be produced. 


Fig. I illustrates approximately the 
conversion of air pressure into velocity in 
the nozzle of the ejector and the 
conversion of velocity into pressure in 
the diffuser. 

Air, under the same conditions of 
temperature and pressure, has less 
internal energy in its molecules than 
steam. And theoretically air cannot 
produce as high a vacuum as can 
steam. However, the inefficiencies of the 
expansion and compression processes 
in an ejector when the ejector is 
operating over its maximum range of 
compression obscure the differences in 
ultimate vacuum produced. 

For most practical purposes a one or 
two stage air ejector will produce as 
high an ultimate vacuum as will a one or 
two stage steam ejector. The steam jet, 
however, requires fewer lbs. of motive 
fluid to evacuate a closed vessel than 
the air jet and fewer Ib./hr. of motive fluid 
to exhaust a constant load at a 
particular vacuum as compared to an air 
jet. Therefore we need to know some 
additional comparative characteristics to 
base our cost estimates on. 


BASIS OF COMPARISON 

Because 100 psig. is a very common 
pressure for both compressed air and 
steam in industrial plants, it is a good 
pressure on which to base a comparison 
between air-operated and steam 
operated ejectors. 

200 F. is approximately the maximum 
air temperature at which 100 psig single 
stage air compressors will deliver air 
without requiring the compressor to run 
excessively hot. The hotter the air to the 
ejector, the less air is required by the 
ejector for any particular condition of 
vacuum and load. 

If the air aftercooler of a compressor is 
bypassed or if the cooling water to the 
aftercooler is shut off, relatively hot air 
can be obtained for use in an ejector. 
But by doing so the air storage tank 
capacity is reduced and condensate will 
collect in the storage tank and air lines. 

This might be undesirable for some 
compressed air installations. It is more 
desirable to heat the air by means of an 
electric heater or with a steam to air 
heat exchanger. Only a very small 
amount of electricity or low pressure 
steam is required to reach 200 °F. 





Figs 2 and 3 - Air consumption for single-stage and two-stage air-operated ejectors 


(or hotter), and in most cases the 
reduced air requirements of the ejector 
are well worth the additional expense. 

By heating motive air to 200 F., the air 
required to operate an ejector can be 
reduced to as little as 70% of the air 
requirements for 70 F. air. Sometimes 
air ejectors are selected to keep the 
temperature of the load fluid low. This 
rules out steam ejectors. And to remove 
the load fluid in condensers most 
efficiently it would then be necessary to 
operate the ejector with cold air. 

TEST RESULTS 

Data from our test runs on one and two 
stage air ejectors (of optimum design) 
correlate very well with data on steam 
ejectors. We used air at 100 psig. and 
200 F. in our tests and compared the 
results with steam ejectors operating on 
100 psig. dry saturated steam . 

Single stage air ejectors require 1.4. - 
1.5 lb. of air to handle the same 
condition of vacuum and load that 1.0 lb. 
of steam will when it is supplied to a 
single stage steam ejector. 

In a two stage air ejector, 2.5-27 lb. of 
air will be needed to do the same job 
that 1.0 lb. of steam will do in a two 
stage non-condensing steam ejector. 

These ratios change somewhat when 
the pressure of the motive air is 
changed. A typical figure for single 
stage might be 1 .7 lb. of 200 psig air per 


lb. of dry saturated steam at 200 psig. 
Or 1.4 lb. of 60 psig. air per lb. of dry 
saturated steam at 60 psig . 

Fig. 2 shows the ratio of motive air to 
load air required for one stage ejectors. 
The absolute pressure scale covers the 
operating vacuum range of one stage 
units. Fig. 3 shows the ratio of motive air 
to load air required for typical two stage 
ejectors designed for any particular 
vacuum in the operating range for two 
stage ejectors. The ratios are based on 
supplying motive air at 100 psig. and 
200 F. to remove load air at 70 F. 

These ratios will be higher for load air 
above 70 F. and lower for load air below 
70 F. But the corrections are small 
between 50-90 F. If the ejector is to 
handle a fluid other than air, the flow 
ratio must be corrected for the difference 
in the thermodynamic properties of the 
load fluid and those of air. This 
correction factor is usually considered a 
function of the relative molecular weights 
of the load fluid and air. 

Fig. 2 shows that for pressure above 3.2 
in. Hg abs., a single stage air-operated 
ejector is more economical to operate 
than a two stage ejector (when the 
motive air pressure is 100 psig.). The 
exact pressure at which two stages of 
compression become more economical 
depends on the pressure of the motive 
air supply. Absolute pressures as low 
as 0.394 in. Hg abs. (10 mm.) are 
practical with a two stage air-operated 
ejector. 


WHAT IT COSTS 

Figs. 4, 5 and 6 show the operating 
costs of one and two stage air ejectors 
when the cost of the compressed air is 
known. 

Compressor manufacturers have 
organized and published much useful 
data which permit an analysis of 
compressed air costs. These costs are 
made up of: . 

•Operating costs including power, labor, 
repairs, maintenance, lubricants, etc. 
•Depreciation of equipment. 

•Interest on the investment made for the 
equipment. 

Power is the largest portion of total cost. 
And in many cases the cost of power 
need be the one consideration 
necessary for a study of compressed air 
costs. 

We have used the tables in 
‘Compressed Air Data,” Ingersoli-Rand 
Co., Phillipsburg, N.J. (1939) to 
compute the cost of power required for 
compressed air. The other costs, being 
unique to each application, should be 
studied to determine their relative 
importance and effect on the overall 
cost. 

To use the “Compressed Air Data” 
tables it is necessary to know the brake 
horsepower required to compress and 
deliver 100-cfm. of air and the local cost 
of the various fuels under consideration. 
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Since the brake horsepower will vary 

considerably with the size and type of 
compressor, you should obtain exact data on 
brake horsepower requirements from the 
manufacturer after the air requirements are 
known. However, typical figures are shown in a 
table of the reference we mentioned above. And 
the use of these figures will permit an 
approximate cost analysis. 

SAMPLE PROBLEM 

Let’s assume that an air-operated ejector is 
required to maintain an absolute pressure of 5 
in. Hg in a system that has an air leakage of 25 
Ib/hr. The costs of various fuels available are: 

Electricity 1.5 c. /kwh 

Fuel oil 9.5 c./gal 

Gas 63.7 c./M cu. ft. 

Gasoline 22.0 c./gal. 

Coal $9. 79/ton 

Fig 2 shows that a one stage ejector will do 
the job and that 6.7 lb of 100 psig. , 200 F. 
motive air are required for every lb. of air to be 
evacuated. Therefore, the total motive air 
required to operate the ejector would be: 

6.71b. X 25 lb. load = 

a j r 

motive air — 

lb. load air hr. 

167.5 lb. motive air/hr. 

We can now use Fig. 7 to find that 167.5 Ib./hr. 
of air is equivalent to 37.5 standard cu. ft. of air 
per min. 

From our reference, the brake horsepower 
requirements of a typical single 
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stage 100 psig. air compressor with a 
capacity of slightly more than 37.5 scfm. 
is found to be approximately 22 bhp./lOO 
scfm. delivered. With this value and the 
fuel costs listed above we can enter the 
other tables of the "Compressed Air Data" 
book and find the power costs for running 
the compressor on the various fuels: 


Electricity 

0.412c. 
100 cu.ft. 
9.27 c./hr. 

(37.5) (60)= 

Fuel Oil 

0.218 c. 
100 cu. ft. 
4.91 c./hr. 

(37.5) (60)= 

Gasoline 

0.962 c. 
100 cu. ft. 
21.65 c./hr. 

(37.5) (60)= 


0.242 c. 
100 cu. ft. 
5 45 c./hr. 

(37.5) (60)= 


- tree' to aetermine the cost of air 
compressed by a steam turbine or steam 
engine driven compressor, we would have 
to know the steam rate of the turbine 
engine in lb of steam per bhp.-hr. A 
typical figure might be 28 lb. of steam per 
bhp.-hr. Then the power cost for the 
ejector might be: 

£9.79 x 0.0733 c.-ton x (37.5) (60) 
ton 100cu.ft.$ 

- 16.1 5c./hr. 

The reference table we have used is 
based on evaporation rate of 7 lb. of water 
per lb. of coal burned. It will be necessary 
to correct this for the actual evaporation 
rate. 

Our calculations show that for our 
assumed conditions a compressor driven 
by an engine burning fuel oil would be the 


Pounds of oir/hr. 



Fig, 7 - Volume-weight conversion chart 


cheapest way of producing the air 
necessary to operate the ejector (when 
only power costs are considered). 

AIR COSTS ARE REASONABLE 

When making cost analyses of air 
requirements from the reference tables, 
the various assumptions upon which 
each table is based should be checked 
against the actual conditions of 
operation. It is likely that some particular 
fuel will be outstandingly cheap due to 
local conditions. In such cases these 
approximate calculations will show 
conclusively which fuel is most 
economical. 

Although the data above are limited to 
ejectors operating on 100 psig., 200 F. 
air, we can see that power costs of air- 
operated ejectors can be quite 
reasonable. 

AIR vs STEAM 

Under most circumstances where steam 
is already available, a steam ejector 
would be used in preference to an air- 
operated ejector. Economics would 
dictate the choice. If steam is not 
available, air might well be the cheaper 
motive fluid. 

There are also cases where air-operated 
ejectors are selected for other than 
economic reasons. In general, air- 
operated ejectors are most desirable 
where the heating or diluting features of 
the steam ejector are objectionable; 
where compressed air is more readily 
available than steam; where the 
properties of air are desirable as the 
motivating fluid. 

SOME APPLICATIONS 

There are many services for which an air- 
operated ejector is ideally suited. Pump 
priming is readily done by means of an 
air or steam operated ejector which 
operates only long enough to exhaust the 
air from the pump casing and piping. This 
permits the system to become fined with 
the liquid to be pumped. The ejector is 
then isolated from the system by means 
of a valve. The pump is turned on. And 
the ejector air supply is turned off. This 
leaves the pump primed and ready for 
operation. 

A siphon pipe system which uses gravity 
to draw water or some other liquid over a 
high elevation without the use of 


expensive pumps requires some initial 
priming to start-up. It can be primed by 
using an air-operated ejector operating on 
air from a portable or stationary 
compressor. 

The pumping of corrosive, tarry or sludge 
liquids can be done without the use of 
special pumps by means of an air- 
operated ejector. 

Frequently we want to recover vapor in an 
intercondenser in its pure state, undiluted 
and unheated. To accomplish this we can 
use an air-operated ejector for the initial 
stage of compression to compress the 
vapor to a pressure where it can be easily 
condensed. Either a steam ejector or an 
air-operated ejector can be used to 
maintain the required intercondenser 
vacuum. 

THE THERMOCOMPRESSOR 

Many applications require compressed 
air at a pressure below the available air 
pressure. This makes it necessary to 
throttle the air through an orifice or valve 
to reduce its pressure. The cost of 
compressing air to a high pressure and 
then throttling to a lower pressure for a 
particular application can be reduced by 
installing an air operated thermo- 
compressor. 

Working on the same principle as a 
vacuum producing ejector, the 
thermocompressor picks up air at 
atmospheric pressure (or higher) and by 
means of a high velocity air jet 
compresses the atmospheric air to the 
required pressure. The savings 
accomplished by the thermocompressor 
are derived from reducing the 
consumption of high pressure air by the 
amount of atmospheric air that the 
thermocompressor will entrain. 
Thermocompressors operating on air, 
steam and many other fluids have found a 
wide and useful field of application in 
industry. 

The rugged and simple construction of 
ejectors along with the fact that they can 
handle large volumes of fluids (without the 
relatively, enormous proportions of other 
types of vacuum pumps) often 
determines when and where an ejector 
should be used. Other considerations 
may, of course, outweigh the size and 
simplicity factors. An overall picture of 
requirements is necessary to select the 
best suited vacuum pump for your needs. 
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PERFORMANCE OF A VARIETY OF 
INJECTOR SYSTEMS 


M. L. Hoggarth* D. A. Jones* 


A study of the design of injectors or ejectors as used in the gas industry has led to the identification of three 
principal methods of entrainment of the induced gas by the driving gas. The performances of injectors using 
these methods have been compared both theoretically and experimentally using the criterion of pressure 
efficiency. From the results obtained it was found that in practice the highest pressure efficiencies were 
obtained by jet entrainment injectors. This method of injection was used in an examination of the consistency 
of the injection ratio over the operating range with respect to variations in gas supply, governor and downstream 
pressures and changes in specific gravity and discharge losses. 


1 INTRODUCTION 

AN IMPORTANT application of injectors or ejectors is in 
the utilization of gaseous fuels; they are used both as a 
device that can produce sufficient pressure to drive the 
fuel-air mixture through the burner port on which the 
flame is stabilized and as a means to control fuel/air pro- 
portioning over the range of operation required. The most 
familiar use is in the bunsen burner, where a stream of gas 
entrains part of the air for combustion, the remainder 
being supplied as secondary air from the atmosphere 
around the flame. In the context of industrial gas utiliza- 
tion, it is advantageous to use low-pressure air from a fan 
to induce gas because more favourable mass entrainment 
ratios (i.e. mass of induced gas/mass of driving gas), 
ranging from for town gas to -p, for natural gas, can be 
employed. As a result, greater mixture pressures can be 
used to force the fuel-air mixture through small burner 
ports to give high combustion intensities, high exit 
velocities and improved plant efficiency. 

Commercially available injectors vary greatly in con- 
struction, operation and performance. Consequently it is 
desirable to investigate their performance so as to estab- 
lish the most effective design and method of operation. 
Inspection indicates that there are three distinct categories 
of proprietary injector in regular use differing in the 
method of entrainment employed: 

(1 )Jet entrainment. In this method (Fig. 1) the driving 
gas (air) is accelerated through a nozzle forming a high- 
velocity jet in which the entrained fuel gas mixes. There 
is a large velocity gradient at the edge of the driving gas 
stream that draws in the almost stationary surrounding 
fuel gas and carries it forward into a cylindrical mixing 
tube or throat. The jet of mixed gas continues to expand 
to fill the throat by entrainment of recirculated mixture. 
Momentum is lost in the process and some static pres- 
sure is recovered. Further recovery may be obtained by 
decelerating the mixture in a gradual diffuser following 
the throat. Perhaps the most important features of this 
method are that there is a high shearing force between 
the two gas streams and that the induced gas contributes 
little axial momentum. 

(2) Entrainment at equal velocities. The driving gas 
(air) is again accelerated through a nozzle, but in this 
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instance the induced fuel gas is entrained coaxially >-y 
the creation of a substantial pressure reduction at ' - 
outlet of the driving gas nozzle. If the discharge area uf 
the driving and induced gas streams are correctly 
selected, equal driving and induced gas velocities result 
and shearing forces are eliminated. Mixing is achieved 
by eddy diffusion between the two gas streams. 

(3) Entrainment into a venturi tube. Venturi tubes, in 
which gas is induced through orifices at a position cor- 
responding to the vena contracta, are sometimes used as 
injectors, presumably because the venturi tube has been 
recognized as a good pressure recovery device in w 
metering. When a venturi is used as an injeL,or, 
entrainment takes place, which reduces this pressure 
recovery. 

A useful concept for the assessment of effectiveness of 
injector performance at a specified injection ratio is the 
pressure efficiency rj p , the fraction of the driving static 
pressure that appears as mixture pressure at the outlet of 
the injector. 

The key to the calculation of performance for all t ese 
different injector configurations is the application ■,£ a 
force-momentum balance to the mixing process in the 
throat to find the static pressure rise. The purpose ot this 
paper is to compare the theoretical and measured per- 
formance of the injector types discussed and to identify 



Vol 15 No 6 1973 





DESIGN AND PERFORMANCE OF A VARIETY OF INJECTOR SYSTEMS 


423 


the most effective and economic design for producing 
pressure rise and maintaining a consistent control of 
fuel/air proportioning. 

The injector is particularly useful in air/fuel ratio con- 
trol, because it inherently exercises a self-proportioning 
action; that is, it has the ability to maintain a substantially 
onstant air/fuel ratio over a wide range of throughputs, 
■iroviding the induced gas is supplied at a pressure sub- 
tantially equal to that into which the exit orifice from the 
injector vents and variations in flow characteristics of 
components and gas quality are small. Both theoretical 
and experimental studies have been made on the possible 
variation in air/fuel ratio over the operating range with 
realistic changes in induced gas supply pressure, friction 
and discharge losses through valves and the injector body, 
downstream pressure changes and gas quality (i.e. density) 
'ariations. 

i.l Notation 

A Cross-sectional area. 

C Discharge coefficient. 

C cj Contraction coefficient. 

C ip Flame port discharge coefficient. 

C vj Velocity coefficient. 

C Kj Mass flow coefficient, 
g Gravitational acceleration. 

f Gauge pressure (because the driving pressures 

available for combustion systems are small, it is 
convenient to express all the equations in terms of 
gauge pressures). 

0 Volume flow rate. 

R a Air/fuel ratio (in an air blast system the reciprocal of 
injection ratio). 

R v S.t.p. volume ratio, injected/jet fluid (injection ratio). 
5 Total friction loss coefficient. 

S i2 Mixture-tube friction loss coefficient. 

j Diffuser friction loss coefficient, 

s Specific gravity (air = 1). 

IF Mass flow rate. 

rj Pressure efficiency. 

P Density. 

Subscripts 
E Gas. 

1 Injected fluid inlet. 

j Jet supply. 

ti Mixture-tube or throat. 

1 Jet nozzle exit. 

2 End of mixture tube or throat. 

2 THE DESIGN OF AIR BLAST INJECTORS 

The three main methods of entrainment used in air blast 
injectors have been introduced in the previous section. 
More detailed consideration of their design and operation 
is given below. 

2 1 Jet entrainment injectors 

f he design of jet entrainment injectors has been con- 
sidered in some detail by Francis (i)*. In designing the 
injector it is usual for the mass or volume ratio of entrained 
to jet fluid and the quantity of jet fluid or the jet supply 
pressure to be specified. It is then necessary to calculate 
* Reference is given in the Appendix. 


the pressure rise from the inlet of the entrained fluid to 
the outlet of the diffuser. For a given injection ratio, there 
is one ratio of throat to jet nozzle cross-sections that makes 
this outlet mixture pressure a maximum and gives the 
optimum performance of the injector. The basis of the 
calculations is the application of the force-momentum 
equation to the mixing and pressure-recovery processes 
taking place in the parallel throat or mixture-tube. The 
assumptions that are made are: 

(1) Turbulent conditions prevail in the jet and at 
the end of the mixing tube or throat, implying that 
velocity, composition and temperature are reasonably 
uniform over a cross-section at these two positions. 

(2) No phase changes take place. 

(3) The flow between nozzle exit and diffuser exit is 
incompressible, i.e. density changes due to absolute 
pressure changes are negligible. This does not rule out 
density changes due to change of temperature. 

(4) Buoyancy effects are unimportant. 


Denoting the planes at the exits of the nozzle and throat 
by subscripts 1 and 2 respectively, application of the 
momentum theorem to the mixing-process between planes 
1 and 2 leads to 


p2~ PiA- S 12 


w m Q m 

2gA m \ 


A m 


WjQ, W n Q m 
§AjC C j gA m 


where S 12 is the wall friction pressure loss in the throat 
expressed in velocity heads of mixed fluid at the end of 
the throat. If the diffuser loss S d is expressed in the same 
terms, then the final pressure at the end of the diffuser will 
be 


Pm = p2 + (l-S d ) 


W m Q m 

2gA m 2 


(2) 


The performance of the injector may be expressed in 
terms of pressure efficiency for an injector consisting of a 
parallel throat and gradual diffuser: 


V 


{Pm Pi I 2gAj 2 C cj 2 
2 a C 

-f^-(l + A 12 + ^)(l+J? m ) 2 


/Pi\ A, 2 C c / 
\P 2/ A m ~ 


( 3 ) 


For a given mass ratio of R m the injector or pressure 
efficiency can easily be shown to be equal to a maximum 
when : 


^i^ej = J P 2 . . 

^ A,„ (l-hSi 2 + S d )(l + ^ m )~ Pi 

If entrainment is assumed to take place isothermally 
from atmospheric pressure, equation (4) can be rewritten 
with due allowance for frictional and discharge losses as: 

P,n AfC v , 2 R*C t ? 

V ~ Pj A m (l + SXl+R a )(s + R„) {> 
and similar calculations for an injector without a diffuser 
give : 

P-. A.C c R a 2 C v , 2 

P Pi A,„ (2+ S 12 )(l+Ra)(s + Ra) 

The predicted variation in pressure efficiency with 
changes in the area ratio and air/fuel ratio is given in 
Fig. 2, both for a simple parallel throat injector and for an 
injector consisting of a parallel throat followed by a 
diverging cone acting as a diffuser. 
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Fig. 2. Variation of pressure ratio with area ratio for an 
injector with and ivithout a diffuser 

The efficiency and the relative areas of the jet and 
throat obtained from equation (5) depend on the air/fuel 
ratio, the specific gravity of the gas and the friction loss 
and discharge coefficients. The values of the discharge 
and the total friction loss coefficients have been assumed 
to be 0-95 and 0-3, and 0-95 and 0-4 respectively. 

The effects of variation in frictional and discharge 
coefficients on the optimum design of the injector are 
shown in Fig. 3. This plot has been calculated from 


equation (5) for a specific gravity of 0-5 (relative to air) 
and air/fuel ratios ( R a ) of 4:1 and 10:1. It is clear that 
there is only a gradual reduction in the efficiency as the 
discharge coefficient is reduced. Over a practical region 
of operation, with a discharge coefficient of 0-9 to 1-0, the 
reduction is about 7 per cent. Similarly, as the friction 
loss coefficient is increased, there is only a relatively small 
reduction in the pressure efficiency. 

Experimental confirmation of these theoretical pred - 
tions was obtained using the injector illustrated in Fig 1 
installed in the system shown in Fig. 1. In these investi- 
gations, the effect of changes in area ratio, A,/A m , was 
explored using a series of different air nozzle sizes. The 
comparison between prediction and experiment for an 
air/fuel ratio of 4: 1 is given in Fig. 5. Similar agreement 
between theory and experiment was obtained for a 
simple parallel injector without a diffuser. 

From a consideration of the predictions of Figs 2 and 3 

Induced gas inlet 



Fig. 4. Section of proprietary jet-entrainment air-bias -: 
injector 



Fig. 3. Variation of pressure ratio with air nozzle discharge 
coefficient for various friction loss coefficients ( jet 
entrainment) 
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Fig. 5- Variation of ratio of mixture pressure to air supply 
pressure with nozzle to throat area ratio ( jet entrainment ) 
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and the experimental results shown in Fig. 5, it is clear 
that high injection or pressure efficiencies can be obtained 
using jet entrainment without the need for excessively 
strict manufacturing tolerances. In cases where proprie- 
tary injectors working on the jet entrainment method did 
not achieve the maximum efficiency predicted, it was 
found that the area ratios AfA m seriously deviated from 
th xse required for optimum performance. Measured 
efficiencies were, however, generally in agreement with 
the values expected from the dimensions as found. It is 
clear that effective but simple and inexpensive injectors 
can be made if the jet entrainment method is used. 


2,2 Equal velocity injectors 

In this type of injector, entrainment is not produced by 
shearing between the driving and entrained streams, but 
as a result of the creation of a negative pressure around the 
or .let of the driving nozzle, which encourages the induc- 
ticn of the secondary flow. It has been assumed in this 
paper that a condition for the optimum performance 
exists when the shearing action between the jet and en- 
trained streams is a minimum, thus leading to equal 
velocities between these two streams. 

In predicting the performance of equal velocity en- 
trainment injectors, the momentum of the entrained fluid, 
which flows parallel to the jet fluid, must be considered. 
To achieve equal velocities it is important to manufacture 
;h driving air and inducing fuel gas nozzles accurately. 
His is most easily achieved if the air nozzle forms an 
innulus around the gas nozzle so that clearance for the 
innular gap can be as large as possible. A typical con- 
duction is shown in Fig. 6. 

The analysis that follows is a development of the well 
mown equations of continuity, momentum and energy, 
ncorporating the following simplifying assumptions: 

(1) The injecting and injected fluids enter axially. 

(2) The flow is incompressible throughout. 

(3) Buoyancy effects are unimportant. 

(4) The driving nozzle wall thickness is negligible. 

Denoting the planes at the exit of the jet and throat by 

I and 2, application of the momentum theory to the mixing 
rocess leads to: 


Force = final momentum — original momentum 

„ , ^ PmQm 2 , 0 PmQm 2 PjQ? PiQ? 

= ^ + ( 7 ) 

3TI e final pressure rise at the end of the diffuser will be: 

PmQm 2 


P‘2 Pm — (l - ' ■S’d) 


2 A„ 


( 8 ) 


Combining equations (4) and (5) leads to the mixture 
pressure recovery: 


Pm Pi 

Also 


p,Qr piQ 2 

A m Aj A m A j 


— (1 + ■S’ d + 6' 12 ) 


Pm Qm 

~2Aj 


(9) 


Pi Pi 


2 A,C, 2 


(10) 


By applying the conditions for equal velocities and 
assuming the nozzle wall thickness to be negligible, the 
pressure efficiency of the injector may be obtained by 
dividing the pressure lift by the pressure drop across the 
air nozzle. 

Two distinct efficiencies can be defined depending on 
whether the lift is taken from the position of plane 1 or 
at the inlet to the nozzle. These are: 


Recovery pressure efficiency = -q t 

p m —pi Mixture pressure recovery 
pj—pi Differential air supply pressure 


Injection or pressure efficiency = p g5 


p m Mixture pressure 
pj Air supply pressure 

which are expressed as: 


Vi = 


Pm Pi 
Pi- Pi 


= Cy g ^ j [1 — S d — 5i 2 ] 


( 11 ) 


Now assuming p, -> 0, which is usually the case with air- 
blast injectors, it can be shown that: 


_ Pm Pi _ Pm _ (7?q — (~5)C, 2 (1 — S d — S 12 ) — (R a + 1)5 
r?9S _ pj-pi - pi - (k+ mcjQy-s] 

. . . ( 12 ) 

In practice, the injection or pressure efficiency is the most 
useful definition to apply since it gives a measure of per- 
formance in terms of the available driving pressure above 
atmospheric pressure. 

Results of the predictions are summarized in Fig. 7. It 
is noticeable from these results that, although the theoreti- 
cal maximum efficiency is high when it is assumed that 
there are no frictional losses and that the discharge coeffi- 
cient is unity, the efficiency falls off rapidly as the friction 
losses are increased and the discharge coefficients de- 
creased. 

In theory xjj = 90 per cent and = 80 per cent for 
R a = 4 and ■q 1 = 96 per cent and 7 /o , = 91 per cent for 
R u = 10 when there are assumed to be no frictional losses 
and the discharge coefficients are unity. For practical 
values S 12 = 0T0, S d = 0T5 and C ; = 0-95, r/ 1 and p gs 



Fig. 6. Section of an equal velocity injector ( annular air nozzle type ) 
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Fig. 7. Variation of pressure ratio with air nozzle dis- 
charge coefficient for various friction loss coefficients 
{equal velocity) 


are 61 per cent and 18 per cent for R a = 4 and 65 per cent 
and 11 per cent for R a = 10. Since there is little shearing 
action between the two streams, mixing can only result 
from molecular and eddy diffusion and is therefore unlikely 
to be as good as in the jet entrainment injector. The 
lengths of the throat and diffuser may however be suffi- 
cient to rectify this. 

From a series of experimental investigations it was 
found that the discharge coefficient for the jet and injected 
nozzle were 0-97 and 0-94 respectively. Their areas were 
accurately matched by electroplating the outside of the 
central nozzle until the required dimensions were achieved. 
The smooth surface in the injector body was assumed to 


give a friction loss coefficient of 0-2, resulting i n t jj e 
maximum injector efficiency of 25 per cent at a fuel/aj r 
ratio of R a — 4. 

The experimental results obtained were for the most 
favourable configuration where the discharge coefficients 
were as close to unity and the friction losses were as small 
as possible. It seems then that although this method has 
a high efficiency for a frictionless system, in practice, when 
friction losses are appreciable, the efficiency is very y. 


2.3 Entrainment into a venturi tube 

In a venturi tube, Fig. 8, there is a considerable reduction 
in pressure at the throat, but the overall loss in static 
pressure across the device is only about 15 per cent 
Consequently it might be expected that an efficient in- 
jector would be produced if a series of holes were drilled 
in the throat. It should, however, be realized that, as soon 
as the secondary fluid is entrained, work is done by the 
entraining fluid and less pressure is recovered than hen 
the venturi tube is used as a metering device. 

The pressure efficiency and dimensions of a venturi 
injector are again calculated by applying a force momen- 
tum balance across the mixing zone and applying the 
assumptions given in 2.1 and 2.2 previously. The resulting 
equation is : 


A j C vj _ (Rq + l)(7? a + s) / AjC vi y 

A m Rfi ( + } l A m ) 


(13) 


Since there is no separate driving nozzle in a v ruri 
injector, A j C vt is considered to be equal to A m thus 
resulting in: 


{R a + s){R a + 1) 


(1 + 5) 


The pressure lift and pressure efficiency of this device 
depend both on the air/fuel ratio R a and the friction loss. 

Experimental results using a proprietary injector (Fig. 8) 
of this type gave a pressure efficiency of 26 per cent for a 
value of R a = 4. For this to be achieved, the frictio: loss 
coefficient S’ for the throat and diffuser had to be ..tout 
0-25, a value compatible with smooth surfaces. It should, 
however, be pointed out that a friction loss coefficient of 
about 0-4, which is frequently encountered, would result 
in a pressure efficiency of only 4 per cent. Consequently, 
the performance of this type of injector is very sensitive 
to the quality of finish of the product. Predicted pressure 


Gas entrained into venturi tube 



Gas inlet 

Fig. 8. Section of a proprietary venturi injector 
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efficiencies for R a = 10 (i.e. equivalent to use with natural 
,as) for friction loss coefficients of 0-25 and 0-4 result in 
values of 55 per cent and 38 per cent respectively. While 
fiese values do not quite match those for jet entrainment 
iystems, they are much improved over the previous values. 
[0 this context it is perhaps interesting to note that this 
[yye of injector originates from the U.S.A. where natural 
ja: has been widely used for some time. 


3 AIR/FUEL RATIO CONTROL 


Jj.l The effect of variation in governor outlet 
pressure and air/fuel ratio 


)ne of the most important functions of an injector fitted 

0 a burner is to control the injection ratio so that satis- 
actory flame stabilization and an acceptable combustion 
juality can be realized. If the air entrains the gas from a 
;uj ply that is controlled to the pressure into which the 
njector discharges, there is then an inherent self-pro- 
lortioning action which maintains the injection ratio 
ubstantially constant, thus enabling the throughput to be 
ontrolled by the operation of one valve on the air supply 
ine. The precision with which the air/fuel ratio is main- 
ained depends on many factors, including the consistency 
if the specific gravity of the gas, the friction losses 
hroughout the system, the governor outlet pressure and 
he pressure downstream of the injector. 

Although in practice the relative changes in these 
. anables are generally small, it is desirable to be able to 
1 ssess the possible variation that they can produce and to 
’ ninimize any undesirable deviations. 

To illustrate the steps involved, an air blast system as 
hown in Fig. 1 is considered. Here air from a low-pressure 
m is driven through a convergent nozzle and entrains gas 
rom a controlled pressure supply. 

To obtain accurate control of the injection ratio, the 
iressure into which the burner fires must be substantially 
tr iospheric or the inlet pressure must be controlled to be 
ht same as the outlet pressure. The air/gas ratio is set at 
he low flow rate by adjusting the zero governor spring 
see Fig. 1). At the high flow rate, the injection ratio must 
e set by a ratio setting valve, which may be either an 
ntegral part of the injector or a separate external valve, 
'he accuracy of the self-proportioning action over the 
low range can be affected both by changes in the outlet 
iressure of the zero governor and by the type and size of 
atio setting valve chosen. If the variations in governor 
valet pressure and the flow characteristics of the ratio 

1 et ing valve and burner orifice are known, as a function of 
; hroughput, then the theoretical variation in injection ratio 

an be calculated. For an injector using jet entrainment 
. he relationship is : 

b —pi _ 2A,C, Z (i^ c ,-f-l)(/? u -|-s)(l + 6'i2+A, ) ) / , 

A,„ Rfl \AJ ' r 


s 


R„ 




(15) 


' 'he effect of the ratio setting valve characteristics and 
■ he variation in governor outlet pressure is quantitatively 
^pressed in Fig. 9, where a comparison is made between 
he measured air/fuel ratio and the predicted ratio using 
ie values of discharge coefficient and outlet pressure 
hown. The discharge coefficient was obtained by making 
rough assessment of the flow area of the valve A, at a 



Gas throughput^ Q- 
m 3 /h 

Fig. 9. Composite diagram showing: (/) comparison between 
the variation of measured and predicted air j gas ratio 
with flow rate, (2) variation of the discharge coefficient 
of the ratio setting valve with fluid rate, and (3) varia- 
tion in zero governor outlet pressure with fluid rate 

particular setting and measuring the pressure differential 
across the valve at each throughput. This means that 
although the absolute value of the discharge coefficient 
may be incorrect, the relative values at each flow rate will 
be reasonably accurate. Even closer agreement between 
theory and experiment can be achieved if the friction loss 
characteristics through the body of the injector are taken 
into account, although this is generally considered an 
unnecessary refinement. The choice of type and size of 
ratio setting valve is important, however, and experiments 
have shown that full bore straight through valves provide 
the greatest accuracy of air/gas ratio control. 

3.2 Operation against a variable back pressure 

If the pressure into which the burner fires is other than 
atmospheric or if there are changes in the burner head 
orifices or the gas itself brought about for example by 
temperature changes, then, to maintain the self-proportion- 
ing action, the reference pressure for the appliance and 
zero governors should be altered from atmospheric 
pressure. To compensate for changes in heating chamber 
pressure, the tops of both the appliance and zero governors 
are loaded with the chamber pressure. For complete 
compensation for any pressure changes downstream of 
the injector the mixture pressure is back loaded to both 
the appliance and zero governors. A considerable pro- 
portion of the back loaded pressure is dropped across the 
ratio setting valve, so giving more precise control of the 
air/fuel ratio. 
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Experiments to test the effectiveness of mixture pres- 
sure back loading in maintaining a constant air/fuel ratio 
against varying downstream pressures have been carried 
out using a proprietary injector. The system illustrated in 
Fig. 1 was used with the addition of back loading lines 
from the outlet of the injector to the appliance and zero 
governors. Variations in mixture pressure were produced 
bv an adjustable valve at the outlet of the injector. Parti- 
cular attention was paid to sealing the back loading lines 
into the injector and into the zero and appliance governors. 
From Fig. 10 it can be seen that a consistent injection ratio 
was obtained despite severe changes in mixture pressure. 

Further measurements verified the theoretical predic- 
tions for back loaded injector systems made by Francis (i), 
who showed that the consistency of injection ratio control 
was related to the pressure drops across the effective gas 
and air orifices and the pressure rise in the injector after 
mixing. 

The predictions were that: 

P,—Pi _ (1 + S)(/? a + +$) . 

" " p,-p m ~ (l + S)(R a + \)(R a + s)-R ( fCf 1 J 

P _ hiZli = ( 17 ) 

(.l + S){R a + l){R a + s)-RfCf K ; 

Comparisons between the predicted pressure ratios 
(P.. = 1 96 and P r2 = 0-84) and the measured values, for 
an injector ratio of 4:1 and a specific gravity of 0-5 
(relative to air), show close agreement (Table 1). 

3.3 Variation of the air/fuel ratio with specific 
gravity of the fuel gas 

In the previous discussions, the specific gravity of the 
fuel gas has been assumed to be constant. In practice, 
changes in the specific gravity do occasionally occur and 
their effect on the air/fuel ratio must be considered. The 
effect is most pronounced in an air blast system where a 
stoichiometric mixture is supplied by the injector and 
secondary air is not entrained. In these circumstances it is 
important that the air/fuel ratio of the mixture supplied is 
as close to the stoichiometric value as possible. 

To calculate the rate of change of air/fuel ratio with 
specific gravity it is firstly necessary to consider the pres- 
sure changes throughout the combined injector and burner 
head system. The mixture pressure delivered by the 
injector must be accurately matched to the flow resistance 
of the burner ports. The resulting equations must then be 
implicitly differentiated with respect to dRJds. 


H-l 

10 

-09 

- 1-1 

1-0 

-0-9 

- 1 '1 
10 

0- 9 

1-1-1 

1 - 0 
0-9 


1 in. quadrant cock 
Maximum air rate = 2000 ft 3 /h 


5 

1 

10 

-1 

15 

_J 

20 

Saunders val 

ve 



nmum air rate 

= 2000 ft 3 /h 



5 

1 

10 

1 

15 

i 

20 

gate valve 




<imum air rate = 

= 1600 ft 3 /h 



5 

1 

10 

1 

15 

1 


in. gate valve 




ilmum air rate 

= 2000 ft 3 /h 



5 

1 

10 

t 

15 

1 

20 

L_ 


Mixture pressure, P m 
m bar 

Fig. 10. Variation of injection ratio with change in 
mixture back pressure 

The mixture pressure delivered by the injector is calcu- 
lated from the well known continuity, momentum and 
energy equations: 


Continuity: 

Momentum: 

Energy : 
to give 

P> 


{R a +s)Qi — Qm(^m + 5 ) 
PiQi 2 P2^2 2 


Pm — 

Pm — p2 + (l —S(l) 


gAjA.y gAj 2 

PyQ£ 

2gAf 


(18) 


( 20 ) 


PiQj 2 PiQi 2 S g PgQg 2 

g AjA 2 gAf Af 2 g 

P 2 Q 2 2 

2 gAf 


■ s 1: 


+ 0 -S a ) 


PyQy 

2 gA. 


2 (21) 


Table 1 


flow rate, 
mFh 

! Gas flow rate> 
; m 3 /h 

! 

Air/gas ratio 

Air pressure 
P), mbar 

Mixture pressure 
P m> mbar 

Gas inlet 
pressure P„ 
mbar 

45-9 

10-50 

4-37 

28-75 

4-50 

-17-00 

45-4 

10-40 

4-36 

31-50 

8-00 

-12-50 

45-1 

10-31 

4-37 

34-00 

11-00 

-9-50 

44-8 

10-22 

4-38 

36-25 

13-50 

-6-25 

44-6 

10-20 

4-38 

38-40 

14-75 

-4-00 

44-3 

10-13 

4-38 

41-00 

18-25 

-0-50 

43 9 

: 10-10 

4-38 

43-00 

21-50 

+ 2-25 

43-6 

9-94 

4.39 

45-00 

24-75 

+ 6-25 

431 

9-80 

4-41 

49-00 

2900 

+ 11-00 

42-5 

9-67 

4-41 

51-50 

31-75 

+ 14-25 

42-3 

9-10 

4-65 

54-00 

35-25 

+ 17-50 


Measured pressure 
ratio 


P, 1 

P,2 

1-89 

0-89 

1-88 

0-89 

1-89 

0-R9 

1-87 

0 ' •• 

1-88 

0 -. 

1-87 

0 -i ■ 

1-90 

0-9U 

1-87 

0-87 

1-90 

0-90 

1-85 

0-89 

1-95 

0-92 
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This is matched to the pressure drop across the burner 
jort of 


_ P2Q2 2 

Pm ~ 2 gA*C ap * 

vhich, after simplification, gives 


• ( 22 ) 


2 AjR* 


A,- 


SgS 


n (R a+s )(R a + 1) \AJ \{R a +l)(R a +s) 

=(i+s,+s,„) (zy+ic^ 

\**m/ \'-'dp"p. 


(23) 


This latter expression is differentiated implicitly to give : 


i Ra 
ds 


jS D 

A, 


5+ 


(1 + S)-}-,+: 1 


J dp 


(Ra+ 1) 


2R„ 


A m Aj 


1 


(l + S) AJ + C*A* 


-( 1 + S) 


( 1 + ' S ') + r 2 a 2 

** m '-'lip **p J 


. . . (24) 

ixperimental verification of the above theoretical predic- 
ions has been made using a proprietary injector and 
turner head operating at an air/fuel ratio of 4: 1. In calcu- 
ating the change in air/fuel ratio the following values 
lave been used in the equation: 


Aj;A m = 0-5, A n = 477-4 mm 3 , A s = 141-9 mm 2 

Total frictional losses = 0-4 

Burner port discharge coefficient = 0-84 


The only unknowns in equation (24) are the area of the 
;as valve opening and the corresponding friction losses 
:hrough the valve, which are found from equation (21) 
by substituting the above values at an air/fuel ratio of 4: 1. 
Subsequent changes in the specific gravity will not affect 
ihe ratio S g ;Af. 

Evaluating equation (24) gives dR a jds = 3-14. Experi- 
m ntal confirmation was obtained by introducing known 
proportions of nitrogen into the gas mixture, thus creating 
variations in specific gravity. The variation of air/fuel 
ratio with specific gravity (dR a /ds = 3-52) was in close 
agreement with the predicted value (Fig. 11). 


4 CONCLUSIONS 

From the results of the theoretical and experimental 
Investigation of the three methods of injection described 
t is clear that the simplest, most economic and effective 
ie ign is that which employs jet entrainment. Although, 
n theory, under ideal conditions, the efficiency of the 
:qual velocity injector was greater than that of the jet 
attainment system, in practice very marked reductions in 
fficiency occurred when realistic values were taken for 
he friction losses and discharge coefficients. Furthermore 
he need for extreme accuracy in manufacturing makes 
his an unattractive design. Similar objections have been 
aised to the use of a venturi tube as an injector and here 
gfin realistic efficiencies are lower than for conventional 
!t mtrainment systems. 

he investigations into the accuracy of control of the 
ir fuel or injection ratio over the range of operation have 
hown that the possible variation in air/fuel ratio due to 



Specific gravity 

Fig. 11. Variation of air /gas ratio with specific gravity 
of entrained gas 

the effect of the flow characteristics of the ratio setting 
valve, the governor outlet pressure, the effect of varying 
mixture back pressure and specific gravity variations, can 
be confidently predicted. By carefully selecting the ratio 
setting valve type and size and taking variation in mixture 
pressures into account, consistent injection ratios over 
turndown ratios of 5 : 1 can be achieved. 

5 ACKNOWLEDGEMENTS 

This work is published by permission of the British Gas 
Corporation. V7 c would Ii;:K tc thank Mr W. E. Francis, 
Assistant Director (Research), for his advice in preparing 
this paper and Dr L. A. Moignard, Assistant Director 
(Administration), for his help in editing the final text. 

APPENDIX 

REFERENCE 

(1) Francis, \V. E. ‘A generalised procedure for optimum design 
of injectors, ejectors and jet pumps’, Inst. Gas Engrs 1964 
4, 373-8. 


BIBLIOGRAPHY 

Bailey, A. and Wood, S. A. ‘Principles of the air injector’, 
Aeronaut. Res. Comm. Rep. Memo. No. 1545, 1933. 

Francis, W. E. and Jackson, B. ‘Jet burner design for pressure 
efficiency using air blast injection’, Trans. Inst. Gas Engrs 
1957-58 107, 555-615. 

Gosline, J. E. and O’Brien, M. F. ‘The water jet pump’, 
Univ. Calif. Pubn. Engng 1934 3, 167. 

Kastner, L. J. and Spooner, J. R. ‘The low-pressure air driven 
air ejector’, Proc. Instil meek. Engrs 1950 162, 149-66. 

Keenan, J. H. and Neumann, E. P. ‘A simple air ejector’, Appl. 
Meek. 1942 64, 75-81. 

Silver, R. S. ‘The calculation of air entrainment in gas burners’, 
Gas Research Board Pubn. GRB/39/23/1948. 

SlMMONDS, W. A. ‘Primary air entrainment in gas burners’, 
Trans. Inst. Gas Engrs 1954-55 104, 557. 

Waight, J. F. ‘The design of tunnel burners’, Trans. Inst. Gas 
Engrs 1950-51 100, 684. 


Purnal Mechanical Engineering Science 


Vo! 1 5 No 6 1973 


30 


Engineering 3 May 1968 


Engineering Outline: Jet Pumps 


This article, prepared by members of the staff of BUKA Fluid 
Engineering, was first published in the journal 'Engineering' for 
3rd May 1968 as number 123 in a series of features generally 
entitled 'Engineering Outline'. It is reproduced here with the 
agreement of the publishers of the journal. 


Definition A jet pump is a device in which a jet. of fluid (the driving fluid) is used 
to entrain more fluid. It consists of a nozzle, a suction box, a mixing tube 
(sometimes called a throat) and, in the majority of cases, a diffuser on 
the downstream side, 1. 

The principle of operation of this device is purely fluid dynamic and, 
therefore, it differs in operation from other classes of pumps, ie recipro- 
cating, centrifugal and air lift. 

The value of the jet pump lies in its simplicity and absence of moving 
parts. On the other hand, its efficiency is very low. 

Classification Jet pumps are known by various names, which are usually associated with 
the application. Among such names are injector, ejector, eductor, and 
water-jet heat exchanger. The steam injector, for example, is a jet pump 
designed to supply feed water to a steam boiler, the driving fluid being a 
proportion of the steam generated by the boiler. The water-jet ejector, 
on the other hand, is designed to draw leakage air and other non- 
condensible gases from the exhaust of a steam turbine plant. 

When operating as an eductor, the driving fluid, eg water, is used to 
entrain additional water so as to obtain a greater mass flow, but at a 
lower pressure than that of the driving fluid. 

The water-jet heat exchanger is essentially the same as a steam-jet 
injector, the name signifying that the pump supplies heat to the feed 
water. 

There are four basic forms of jet pump: gas-gas, liquid-liquid, gas- 
liquid and liquid-gas, the first mentioned fluid in each case being that 
used to drive the pump. Jet pumps may also be classified in accordance 
with the fluid components and fluid phases. For example, a steam-jet 
water injector is a two-phase, one-component jet pump, since steam and 
water are two different phases of tho same fluid. A water-jet air ejector, 
on the other hand, is a two-component two-phase jet pump. 

Principle of operation When a jet of fluid (liquid or gas) penetrates into a stagnant or slowly 

moving fluid, a dragging action occurs at the boundary of the two 
fluids, 1. This results in mixing between the driving and entrained fluids, 
the momentum transfer accelerating the entrained fluid in the direction of 
flow of the driving fluid jet. The fluid entrainment takes place in the suction 
box immediately downstream of the nozzle, the acceleration of the flow 



1 Diagrammatic arrangement of jet pump, showing mixing process 
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3 Typical head flow characteristic for a liquid-liquid jet pump 
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through the nozzle resulting in a high-velocity low-pressure jet. As the 
two fluids flow downstream, they spread into the mixing tube. 

At the entrance to the mixing tube, the entrained fluid fills the annular 
space between the driving fluid jet and the mixing tube wall. At the mixing 
tube exit mixing is complete and both fluids are flowing forward at the 
same velocity. The diffuser serves as a head recovery device; it converts 
the kinetic energy to pressure energy. 

Efficiency To obtain the maximum benefit from a jet pump, its performance must be 
closely matched with the required duty. This is particularly important in 
view of the inherent very low efficiency of jet pumps— not exeeding 
some 35%. One of the factors which determines the efficiency of a jet 
pump is the manner in which it is used. If both the driving and entrained 
flows are delivered against the head at the jet pump outlet, 2a, the overall 
efficiency is 

(Qe + QdlHj 

Qd H, 

where Q*, is the entrained mass flow, Qq is the driving mass flow, H, is the 
differential head between the jet upstream and the suction inlet and H 2 is 
the differential head between the jet pump discharge and the suction inlet. 
If only the entrained flow is delivered against the head, 2b, the efficiency 
is reduced to Q e H 2 /Qd(H, -H 2 ). This difference is due to the fact that, 
while in both cases the hydraulic losses within the jet pump are the same, 
the mass flow output is greater in the first case. Thus, in using 



4 Influence on peak efficiency of the geometrical proportions of a jet pump 
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a jet pump to pump clean water, the arrangement in 2a would be more 
efficient. However, the more usual application of a jet pump would be 
to use clean water to pump, say, a slurry, and if the arrangement shown 
in 2a were used, with clean water as the driving fluid, a substantial 
dilution of the slurry would result and this might prove uneconomic. In 
this circumstance, the second, lower-efficiency pumping method 2b 
would be used. 

For liquid-liquid jet pumps, correlations of pump characteristics, which 
closely follow experimental results, are shown in 3 and 4 . In 3 are given 
typical relationships between differential head ratio and flow ratio for 
various ratios of jet to mixing tube diameter, while 4 gives the locus of 
maximum efficiency for various differential head ratios and various ratios 
of jet to mixing tube diameter. 

In accordance with practical experience, maximum efficiency is 
obtained when a flow ratio, in volume units, of about unity exists between 
the driving flow and the entrained flow for all combinations of phase 
and components. This is to say, when one volume of driving fluid (whether 
it be liquid or gas) entrains approximately one volume of the driven 
fluid. It is important to bear in mind that, in the case of gases, the two 
flows must be compared at identical conditions of pressure and tem- 
perature, ie as obtained in the suction box. 

The application of momentum conservation and energy loss consider- 
ations to the mixing of two streams presents no problems when it is 
confined to the conditions before and after mixing is completed. The 
process of mixing which defines the design of, possibly, the driving nozzle 
and, certainly, of the mixing chamber, is far from simple. As a result of 
this, the theoretical design of a jet pump continues to lag behind the 
experimental demonstration of 'best' design. The efficiency of jet pump 
design would be increased if this mixing process was fully understood. 

Applications The applications of jet pumping cover a very wide industrial field. Among 
the instances where jet pumping techniques may be utilized are solid 
materials handling, water and oil well pumping, pump priming, gas fuel 
installations, ventilation, distillation, generator cooling and cryogenic 
pumping. A few typical examples are described below. 

Dredging and hydraulic transport of solids. In the handling of 
solids by hydraulic means, the jet pump is of particular value. The pumps 
that supply the high pressure driving water to the nozzle are only required 
to handle a clean liquid, so that the wear and, therefore, frequent replace- 
ments normally associated with hydraulic transport are confined to the 
cheap and easily replaceable mixing tube assembly. 

Results show that high concentrations of solids can be pumped econ- 
omically with jet pump type of equipment. The jet pump is installed on 
the delivery side of the centrifugal pump and high pressure water is 
delivered from the centrifugal pump to the jet nozzle where the entrain- 
ment of solids with a relatively small amount of water takes place. On 
entering the mixing tube, the solids mix with the jet water and are boosted 
into the discharge pipe. With this arrangement, the solid material passes 
through pipes only and does not come into contact with any moving 
parts. Large particles can be transported in this manner. Recently a jet 
pump system for transporting molluscs from the sea bed underwent 
successful trials. 

Doop-woll pumping. When a liquid, such as water or oil, has to be 
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raised from a deep well, 5, the suction lift may exceed the absolute vapour 33 
pressure of the liquid. In place of a submersible pumping unit, a jet pump 
can be used in the well in conjunction with a centrifugal pump at ground 
level. If the suction lift, ie jet pump delivery, is very large, a multi-stage 
jet pump unit can be used. 

Booster pumping. The water jet pump can be utilized to boost the 
supply of water in a pipe network system. Water under pressure is supplied 
to a jet pump installed at the reservoir outlet, 6. The high-pressure jet 
entrains water from the reservoir, a flow into the system being obtained 
at a pressure higher than that due to the depth of water in the reservoir. 
Tail-water suppressors. When flood-water conditions prevail in 
hydro-electric schemes, 7, ie when high toil-water levels exist or when 
relatively high water levels are required downstream for navigation or 
irrigation purposes, a water jet pump can be incorporated in the design to 
increase the ellective head for power production. The system can be 
applied to reaction and impulse turbines as well os to tidal power units. 

Priming devices. As a water jet pump is capable of transporting any 
fluid, it can be used ns a general priming device; a typical case is that of 
a siphon, 8. There is no need to use foot valves and the accumulation of 
vapour bubbles at the top of the siphon is prevented by a water-air 
ejector maintained in operation during the siphoning process. 

8 Priming device Gas burner injectors. Injectors of various types play a very important 

role in the utilization of gaseous fuels. In the domestic field, almost all 
cooker burners are designed around the atmospheric injector and many 
millions are in use. The atmospheric burner is also widely used in industry 
and its performance is often enhanced by the use of boosted gas pressure. 

A gas burner injector serves the dual function of mixing intimately the 
gas and the primary air needed for good combustion, and also of producing 
the mixture at a sufficient pressure to give a velocity at the burner port 
high enough to stabilize the flame. 

Ventilation. Ejectors are used in ventilation work for the removal of 
contaminated or high temperature air. Conversely, air injectors are used 
' as a means of diluting toxic or otherwise obnoxious fumes. A fan or, 

in large installations, an air compressor delivers pressurized air through 
a nozzle which produces a low pressure in the suction box. The toxic 
localities are connected to the suction box by means of pipes and the 
fumes are removed through the common discharge pipe on the down- 
stream side of the diffuser. 



Acknowledgement Engineering thanks A Linford and G Fish of the British Hydromechanics 
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COMPRESSED AIR AND GAS DATA 


Ingersoll-Rand 


Ejectors 

Ejectors are used for many services, a rather unusual application being 
the use of high pressure gas to power ejectors that compress an exactly 
proportioned amount of air to blend with the outlet gas and provide the 
exact Btu content desired in the final mixture. This can be done under 
system control. This particular application is found in a gas distribution 
peak-shaving operation. 

Thermal Compressors 


Caption Index Page 

Introduction 10-1 

Application 10-1 

Characteristics 10-2 


Introduction 

An ejector is normally thought of as a compression device operating 
with an inlet pressure considerably below atmosphere and discharging at 
a level which, as a maximum, would slightly exceed atmospheric pressure. 
Under these conditions, while actually a compressor, an injector is classed 
as a vacuum producer or “pump." Its primary purpose is to pump un- 
wanted gases and vapors out of a system into which their flow, or leakage, 
may be either continuous (as from a steam condenser) or practically zero 
(as from a very tight system being evacuated or pumped down). See 
Chapter 4 (pages 4-31 through 4-39) and Chapter 20. The present Chapter 
is concerned with the use of ejectors as thermal compressors, to handle 
gases and vapors at pressures above atmosphere. 



35 


• a « o 
X w J3 o 
oj Eh x 3 

*-> . o 

a a a 
^ fa «j M 

m p <— i 

° « rt S 

g 2 g ^ 

xs ft * aa 

rf D n ' H 


fi3 


a> 


rt a; 

> 43 % B 
W o 3 rt 

£ .2 £ xi 


rt w 

8 a! 

« .s 

+3 X) 
^ 0 > 
S s 

(U 


O T3 

■§ -2 
* C 


oj w 

&g 

OJ 


I £ 


► fl) 
w U hr) - 

0 ) W Pf £ 


3 


<u h 

M U 3 

° Sj 

O T3 ^ 

£ 1 
r- r* 3 
O ^ £ 

^ -M £ 

bo 43 'S 
n “ 8 

O >H g 

«r S a> 

£h 5 
g . 

X3 -m* -«-» 

C 
oj 
43 


OJ *3 

, U 43 

_W 

g §s 

“is 

“ oj 'Q 

fe&S 

<u ca 
M V 
to b ® 

«? 3 g 
^ o fa 

to « « 

bo T3 0) 

<a _ £) 
ft 73 +" 

,, 3 a 
JP +3 o 

w «J OJ 

.5 3 


0 ) 


m 


V - ^ 

rt ^ & 

p, o 

- as £ gj. 

*h o dj bo 

•1) -r— > frj 

^ 43 OJ rt 

a) .-a d £ 
5 £ 3 ,w 


bp 


;■ OJ 
43 ^ 
O 3 
aj w 
0 ) w 


3 X5 
O 

>1 


> <0 M 
H bD ® 
35 C Sh 

O fa ft 
^a a 
£■“ o 
o >, *3 

a a a 

&C § 

V . as 

<U W ' H 


hH a 


OJ 4) 

^ 43 *' 


u 

5) S § 
w w 5 
<u o ™ 

Jh ^ 43 

a a o 






o 

tD 


o 

<* 


o o o o o o o 

cm o a> <o *t cm 


BH/ST— AllDVdVO N9IS30 % 



MH/81 — AllDVdVO N9IS30 % 


PRESSURE- HG ABS PRESSURE-”HG ABS 

VACUUM EJECTOR THERMAL COMPRESSOR 

SONIC THROAT VELOCITY SUBSONIC THROAT VELOCITY 




36 


I 5 r 

o t 

w < z 

z 

— (/) CL 

UJ 0 - 0 

«{S£ 

H- , 

in *- uj 

3 «i 

5fl.h 



UJ 

o 


q: 

0 

LU 

e> 

Q 

LU 

Q_ 

or 

< 

1 

c n 


he in 
uuj 
0 > 

in£ 



a 


*u 

o 

k» 

a> 

> 

o 

u 


0 

O 


V) Ln 


w QJ 


< 

P 

m 

< 

O 

Q 

£ 

< 

Pi 

HH 

C 

P 

H 

w 

w 

w 

BU 

s 

o 

o 


Sh 

« 

O 

W 

« 

w 

p 

o 

w 

£ 

<! 


W 

u 

OT 


— T3 to 


d -s 


C S-« 
O O 
•G HH 

+J 

2 oo 

TO 


<y 


a> S 

* r " } -p 

<D g* 

° 0) 
e 11 
R W 


u a 

•S. I 

42 cd 

=5 . 

OT >> 


fH 

5 § 

O 1 G 
a> 


cd 

f E? 

-M 

a w 
cd ^ 
'G 

a> C ' 

43 — 


T 3 
+J <U 
2 W 
OT G 
CO 

Cd 4 ^ 

o 2 

4_> T 3 


CD co 
Sh cd 
cd 

T- r o 

cd S 

CJ Co 
+-> 

CD to 

g g 

P 8 .2 

CO _r< +o 

cd G cd 

3 o 

G ^ G 
e 53 g< 
d o g 
3 -C rt 

°*t 5 <u 

to JR 

rt ai + J 

^ ft *! 

0 „ 3 

w U M 

<d 


C 
o 

E - 

CD CD 


cd a 
g d 

Co O 
^ T3 

rt g 

TJ 03 

SI 
51 
H g 


CL G 


& 

£ 

CD «H +3 

.£ «m ^rj 

w © a 

CO cj 

0 E 4J - 

S o O 

1 ft 5 

*>. 

c o 

J§ 5 >> 

H o'S 

. 5 o 
d h ; 

o ► 
S K JJ 

2 ox 

ro Li +3 

a . 

w a to 
g rt 0) 

•+■*> r — 1 Q 

O cd 2 
cd o ^ 

^ *3) o 

<y cj $> 
tj & 
cd +j >> 


cd w 

cu a 


p T3 
£ 2 


•ti o 

p T 3 


o 

2 


bid 

rj O 

r ^ 

aJ H 

+J 

<D 

e 


o 

*n 

nJ 

> 

bD 

g -Q 
"S cd 
^ Pi 
>> cd 

•ti > 

+j cd 



<8 cd 

1 


Q) 

O 

X 


cd <u <v 

rn X X 

W -M 

. >> 
cd 

eg 

G '-G .2 
J o G 
<1 a> a 
^ w a> 

. ^ w 

<D -G bX) 

15 . 2 1 .S 

a a s 

■4-> r—i 
C OT *M 

5 tj Bl 

o W 

ro x a 
to o 
G _ . *rd 
cd 

CD X) O 
H 2 


-o ^ .i i 
go^> 

15 


Ci 

0 ) CD 
43 Si 


a c 

^ cd 

« | 
w o O 

CD _ 

Q- *p D 
^ fn jQ 
r? o 


u 

P T3 
^ G 
w cd 
cd r< - 

^Sc 

a, 

X 3 


CD 

CD 

u 

jG 


q G ■— r 

5 cd a 

T3 g Cd 
CD 2 r- 

wj 5 .3 


W) g 

^ 2 Cd 


TS 
G 
cd 

Qi . 

X „ 
(D <D 
CO 

0 d) 
•*-» 43 

4 -» 

CD 

1 % 

S 5 

co 
CD 


O 

_ TJ 
O CJ 
"G ^-i 

Jh 'g 
CD g 

5 8 


G w 
O ,rH 

’w b* 

co <D 
G 
O 


CD 


<D 

43 


43 

o 

cd 

o 


&§ g 

2 T) Li 

5 § 

5 04 

0 ^ «d 
£ ° 

cd j_, 

01 bo 5 

.2 .3 L, 
> o 
« 3 . 

O r* Cd 

S «J ro 

° 2 -M 

^ 44 to 

§ E 

CO 


cu up 

SU .2 c 
■ cd 


O . CO 

bo 2 

<d p G 

T 3 

co 2 


cd 

bo w ; 
cd v 


S 4 cd 
01 o 
cd u 


G 

CD 

bo 

u 

CD 

> 


to 43 
cd *S 


J r5 


Si, >? 

bO 


CD 

a 

‘S 

E 

cd 

CD 


43 
o 

cd +-» 
q; co 
CL 
43 G 
bO 

g 8 ^ 

E^s 

H L 
C t-i CD 
•G <D -*-* 
cd v 0 ) 
4 -> -M C 
43 Cd G 
o CL Cd 


CO 


bo:s 

g 6 
55 

G .. 

cd 

o 

-G 

O 

cd bp 

o G 

g’S 
- § 


o 

43 

G 

0 ) 

E 
E 

o 
o 

0 ) 

E 

* 1 1 

o G rj 

-h « h 


s 

4 -> 

•H 

o 

o 

a) 

> 

bo 

G 

co 

cd 

<D 

Sh 

o 

G 

43 

+J 

% 

cd 

o 

Jh 

43 

+-> 

CD 

5 

T 3 

G 

O 

>» 

2 d 

I 

G V-» 

CD O 
TJ CD 
C w 
cd ^ 
P* bo 
x G 
<D .G 


37 







38 


h 

C 

3 

O 

CO 


£ 


V > 


> 


tA 

c 

o 


o 0 
O 


4) 

N 

N 

O 

Z 


o> 

Q- 

“X3 

C 

D 


C 

(1) 

G> 

5 a 
> < 
Q 


Q 

"c 
o o 


±| 

x 5 


— ' D „ 


f 5 


5 

U 

< 


0 

1 


> 


£• 

S 


UJ 



o 

> 


II 

5 


a 

i 


o _ 

£ £ 
►“ a 
u C 

lb 


C 

o 


■U 

c 

o 

u 


UJ 

k. 

o 


o 

o 


0) 

CL. 

>N 

c 

< 




o . 
o ^ 

% 8 

:i 

o o 

0) s 

tU) -M 
T3 P 

CD 0> 

£ Ef 

o g 
p 

X X 
03 9 

o 

QJ «M 

*3 xi 
cr £ 

OJ p 

u o 


u ?? 

o 

Q> 

> 


<u 

g 5 

S' « 

* >> 


C/3 

p 

o 


cj 
o 

I— < 

QJ 

a * > 
3 a) 
o X 

p— ( +-> 

CO * 

° o 
+-> 

^ p 
X cd 

g- 


o3 
O 

. ^ 

£ 

O 

£ s 


c 

oj 

x 

+-» 

CO 

w 

4i » 
•!9 M 

d" 11 
^ XI 

c ^ 

4) -o 
XI - 
£ 


to g 

CN 

3 3 

<N 

•Xi 

tS 

•O 

u > 


o ^ 


rt 


o 2 


~ X 



5 

3 

6 

1 
g E 

>> x - 

Th 0) 


>> E £ 


>. 
M 
U 

■a 2 

& o " 
^ 5 >> w 

•H t" ^ 
oj q x qj 

■ a 5 1 £ 


QJ to ^ 
’ > 


■g 


g|i| 

ggg -3 


o3 


id a.„ 
be co 

^ w Ki 

D +J Qj ,H 

> H S_ -t 3 

3 g 3 

<u* 

^ CO 

^ P P 
cd co pj 
q co — 

£ 03 

aj °< P. 

o ~ ^ E 

•ExS 

urth 


QJ 

U t3 
r> X 
cd 
CO 

£ 
U 
O 

«W 
\ CO 

, C 

0J 


a 
p 
a 1 
W 

73 

o 

'■*-> 

TJ 

U 

g 

h 

QJ 
-♦— * 
03 

2 

o 

w 

Ph 


* 

o 


-G 

3 

CA 


ac 


> 

N 

CO 

CN 

CN 

H. 


ft 

r— 1 

Oj 

o 

4J 

V 

u 

a 

oJ 


o 

o 

H 

73 

q 

cr 

w 


aj 9, 

8 co 
43 P 

♦3 o 

8 § 
X 'O 
+-j c 

T3 8 

§15 

I | 
6 I 
sa 

E 73 


<U 
£ 
w & 


C - | 

O 

td 


. . QJ 

a > 
8| 
Si « 

5 g 


X 

oj 


_o 

u 

oj 


LL. 

QJ 

Jh 



TJ 

P 



O 

U 

D 

■Q 

^4 

'u 

U 


0 

1 

§ 


oj 

M 


p 

OJ 

<p 

W 

QJ 

to 

P 

C 

•«s> 


.1 


QJ 

*3 

V. 

O 


X 

4-» 


5 

h 

3 

3 

.3 

a 


g 

T3 

CO 

QJ 

1 

3 


H 

X 

o 

o 

o 

cQ 

V3 

*C 

CO 

-M 

H-, 

3 

*w 

QJ 

o 

«3 






a 

•fi 

QJ 

X 

a 

co 

o 

E 


T3 

P 

P 

O 


a 

o 

iH 

0) 

> 

o 


OJ 

co 

QJ 

bfl 

03 

a 

O 

« 


by 

tn 

QJ 

QJ 

C/) 


+ 



39 







2 ►. § m ■& a 

3 2 CO r- 73 

-H o 

n, . 0) co zL 

n O ^ *3 U ~ 

d 'u rt JJ o 0) 

£ o. ^ S 73 >> 

m u o o 5 

w o -rl o •« P 


w> a 2 

.5 •g E & 

o cl ai S 
P rt H flj 
TJ U 

d a; 

' H W fli D 

■s S .a a 

S m > S 
cd P oj ■§ 
S x> > 

Td 

•q » h 

P rP 

‘h m 4J -g 

QJ S <M cd 

> a o g 

+J O yj 

n r< 5 


-d 

e 

<15 

T 5 

g 

‘u 

e 

o 

>» 

r— ( 

‘H 

a 

S 

’p 

05 

ft 

w 

CTJ 

ft 

X3 

r— 1 

05 

0) 

o 

k 

oa 

<15 

O 

r— * 

be 

V 

cu 

C/3 

O 

x: 

-M 

E 

4~> 

rg 

J-* 

cS 

05 

> 

P 

C 

C/2 

O 

d 

rt 

in 

m 

A) 

05 

T3 

c 

PJ 

rtl 

+-» 

rt 

OT 

3 

05 

> 

T3 


'S * *3, w 

% 0) <u d -8\y 

3 bJO d > o £ 

p ^ P C w 

>. td td o - E « 

q-g p ft£ 

OS g m “> d 


»-» K. TO ^ 

o o ° 

+j •£ 2 05 

w xl (I'd 

V) 4-> ^ r« 

r; 03 ° S 

C ^ 0 > rt 

3 ft w 

3 6 cd 5 ^ 

o g d ^ : 


oqo -C 
tJ > o s: si « 

Woj>-go’- 

q O > xl tn 


^ M O l 
+J OJ -H H 

w a ^ 3 
. o ^ u 
bp ° > rtl 

S > , 2 

M g Q 3 

3 5 ° g> 

♦. w flj 

d X3 S 
O o d 

P c3 a) 

A ^ .a 5 

D H -O +" 
v-4 £ 

g ! 

S bn ai h 

i| Pn cd <3 

? .s s s 

<1 bJO M 

^ -a c g 

O cd cd 
w XI X! 
3 0 0 


.H 3 W 

« m a 
o w 
•S 9 - 


cd cd 
oj oj e 

m « .2 

o « S 

C * 

o S 3 

"> n xa 
3 N cd 
3 O +-» 

w d m 

< m 


E o o 

s*g 

W g «H 
>> S <H 
w cfl ^ 

03 T3 

(D -M - . 

w be 

^ <v S 

d -ft- be 
•d +J u 

^ rj 1> 
(U H s 


w o) y 

^ c 
dj — » d 

u rt .S 
ft ^ _ 
-m x5 
-m C q; 
OJ W 

5= .52 j§ 
p - h 


■d S*' d ^ 

rt g b •§ 3 

w § g S s 

XI x 1 , s OJ 

O O g ^ Jj 

s 5 2 g,£ 

2 2 3 0-3 


5** 

E ^ c 
.2 'G -2 
ESS 


^ in > 

<u g © ^3 S 

S3 fi ^ 3 d 3 
M +3 W 3 W 


a o £ 

O 3 *H 

U VI . , 








Method ( 3 ) requires that a complete analysis of the gas be given or 
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Capacity or load is preferably to be expressed in Ib/hr. For dry air, 
molecular weight is not needed but for gas mixtures, the lb/hr and MW 
of each component are both necessary. 

When water vapor is present, the saturated vapor temperature and 
the composition of the dry components must be specified. 

When presenting gas mixtures in volume units (SCFM), include per- 
cent by volume of each component as well as molecular weight. 

Discharge Conditions 

Specify the back pressure allowing for any discharge pipe fric.ion loss. 
Standard ejector design is based on 1.0 psiG maximum. 

Specify maximum water temperature for intercondenser and after- 
condenser use. Specify whether barometric (direct contact) or surface 
condenser design is preferred or mandatory. 

Steam Conditions 

It is important that the minimum steam pressure and maximum tem- 
perature at ejector steam inlet be stated. Include in this determination 
all piping pressure losses to the jet body. Steam may be saturated but 
must be dry. Some superheat is desirable. Conditions must be at ejector 
inlet, not at the boiler. 

If power medium is other than steam, specify the gas, its analysis, 
pressure, and temperature. 

Additional Design Considerations 

Specify whether operating cost is important. If it is, give costs of 
steam and condensing water for proper study of alternates. Advise wheth- 
er ejector is to be in operation continuously or for shorter periods. State 
the hours /day. 

For standby, quick pumpdown, and/or control purposes, ejectors are 
often installed in parallel systems, each element complete in itself. When 
such a setup is desired, specify the number of systems and the capacity 
of each. 


Pneumatic Handbook, 19$2 


Airmovers 


THE JETFLOW Airmover is a device which converts a small quantity of low pressure air into a 
large volume of fast moving air, its principal application being auxiliary ventilation of confined 
areas, or localized ventilation. Since the device works without power (other than a supply of low 
pressure air) or moving parts, it can provide safe ventilation in potentially explosive atmospheres. 

The principle of operation is shown in Fig 1, A supply of primary air enters the manifold where 
it expands to induce a depression at the throat of the venturi section and also attaches itself to the 
current aerofoil surface by Coanda effect. Secondary air from the surroundings is induced into the 
throat of the manifold, where it mixes with the primary air and accelerates with it through the 
divergent tube. The result is a high velocity mixture of primary and secondary flows emitted from 
the end of the tube, entraining more surrounding air. 

Jetflow Airmovers can be operated singly, in series or in parallel and they perform extremely 
well when connected to ducting. There is, however, a limit to the resistance they will overcome 
but at best the Airmover will generate a static pressure (suction) of about 112 m/bar (45" W.G.). 
The resistance to airflow is determined by the length and diameter of the ducting and the 
frictional characteristic (K factor) of the duct lining. 

Adequate Airmover performance depends on the correct application of these variables:- 

(a) Gap Setting. 

(b) Pressure of primary supply in manifold. 

(c) Volume of primary supply available. 
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1 — Primary supply enters the manifold 

via annular gap and accelerates 
over the aerofoil. 

2 — Secondary supply is induced into 

the throat of the manifold. 

3 - Mixing , cooling and diluting in the 

divergent tube. 

4 — Expelled at high velocity entraining 

surrounding air. 





Performance characteristics of Jetflow 
20-E Airmover. 


60 INPUT PRESSURE p* 


Typical installation of a 'Jetflow Air- 
mover' on a diesel powered mobile 
vehicle. Engine exhaust is connected 
directly to the inlet manifold providing 
primary supply to cool and dilute the 
toxic exhaust gases. 



The Jetflow Airmover will operate effectively at manifold pressures varying from 0.04 bar 
(0.5 lb/in 2 ) to 3.9 bar (55 lb/in 2 ). It is recommended that the maximum manifold pressure does 
not exceed 4.2 bar (60 lb/in 2 ). In many applications most efficient operation is attained within the 
range 0.35 bar (5 lb/in 2 ) to 1 .4 bar (20 lb/in 2 ). 





VACUUM PUMPS 


Pneumatic Handbook 
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Fluid Jet Pumps 

Fluid jet pumps work on the principle of introducing a high-velocity fluid jet (liquid or vapour) 
into a mixing section where it meets the gas to be evacuated and entrains that gas by turbulent 
mixing. Some of the momentum of the jet is thus imparted to the gas which is carried down into a 
diffuser section and thence to a condenser if necessary, for separation. Where the operating fluid is 
a liquid, separation can be achieved in the diffuser, and where the operating fluid is a gas usually in 
a condenser, although the complete system may comprise two or more stages, with or without 
intercooling, depending upon the performance required. The usual types may be grouped as water 
jet pumps (fluid), steam ejector pumps (vapour) and vapour-booster pumps. The two former are 
essentially similar in principle and application whilst the vapour-booster pump comprises a two- 
stage system with a condenser - Fig 2. 

The steam ejector pump has the most wide-spread industrial application and has, in fact, largely 
replaced other types of vacuum equipment in certain fields (e^ for use with power plant con- 
densers) because of its simplicity, reliability of operation and low maintenance costs. It can also be 


Inlet 



Fig 2 



used to handle corrosive or extremely hot gases, etc, since many materials can be adapted for its 
construction — eg the major pump elements can be made from carbon or refractory materials, 
glazed ceramics, etc, to resist corrosive attack. It may be termed variously a jet pump, ejector, 
augmenter (or vacuum augmenter), or thermo-compressor, depending on the duty performed. 
When used to produce and maintain a condition of vacuum by the removal of incondensable gases 
it is correctly termed an ejector. If used to compress vapours from a condition of high vacuum to a 
lower vacuum at which condensation can take place, it is correctly termed a vacuum augmenter. 

The design of all steam jet pumps is essentially similar and follows the form shown in Fig 3. 
Steam is introduced via a divergent nozzle into a converging section of the body. The body section 
also incorporates a suction branch connected to the vessel or system to be evacuated and gases 
drawn in through this opening are entraiped with the steam jet and carried down with it into the 
diffuser section or compression tube. During this process of entrainment the steam jet loses a 
proportion of its energy which is imparted to the aspired gases. In the diffuser section the kinetic 
energy of the mixture of steam and gases is re-converted into pressure energy. The degree of com- 
pression which can be achieved is proportional to the amount of kinetic energy each unit mass of 
mixture has when it enters the diffuser and thus, basically, to the quantity of steam passing 
through the jet nozzle. The normal range of single-stage ejectors embraces a steam consumption 
ranging from about 50—60 up to 8000—9000 lb per hour. 

The compression ratio of the ejector is defined as the ratio of the absolute pressure of the 
steam-gas mixture at the discharge end to that of the absolute pressure of the aspired gas at the 
suction branch. Compression ratios of up to about 15:1 are practical with simple ejectors, 
although it is more usual to work to a lower figure in order to achieve better economy in steam 
consumption. Thus the single-stage ejector produces economic operation down to vacua of about 
26 in. For higher vacua a two-stage or multi-stage unit is normally preferred. 

When two or more stages are employed it is usual to employ a condenser between each stage 
so that the steam of the first stage is condensed out and withdrawn before reaching the next stage. 
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Thus each succeeding stage has only to deal with the incondensable vapours remaining. The usual 
method of cooling is to employ a cold water spray when the steam is condensed by direct contact 
with the cooling water, whilst at the same time the incondensable gases are cooled and reduced in 
volume before being drawn into the suction branch of the following stage ejector. 

Three-stage ejectors are usually provided with an intermediate condenser for the first stage 
(although this may be omitted on smaller units) and a further condenser following the second 
stage. Four-stage units seldom require a condenser following the first stage since the amount of 
steam consumed from this stage is small and can be efficiently compressed by the following stages. 
Five- and six-stage units follow on the lines of a four-stage unit, with the addition of one or two 
non-condensing stages. The bulk of industrial applications are covered by one-, two- or three-stage 
injectors. 

Water-operated air ejector pumps operate on a similar principle to the steam ejector except 
that the velocity of the water jet is due to pressure alone rather than expansion and is therefore 
usually much lower (steam jet velocities of over 1200 m/sec (4000 ft/sec) are commonplace in 
steam ejectors designed for high vacua). For a similar duty, the water ejector pump is considerably 
larger in order to deal with a similar volume of gas (normally air). Initially the air is in contact with 
the outer surface of the water jet only, until subsequently entrained in the cone. 

See also chapter on Vacuum Techniques. 


THOMAS REGISTER 1986 


EJECTORS: AIR 

AL: BIRMINGHAM 

Rotron Industrial Division Box 43348 (Designers & 

Mfrs. of Regenerative Blowers) NR 

AZ: PHOENIX 

Rotron Industrial Division 3009 W. Clarendon Avo 
P.Q Box 27121 (Designers & Mfrs. of Regenerative 

Blowers) NP 

CA: BELL GARDENS 

Alpa Centerless Products 7636-T Ramish 

Ave 1/2M + 

CA EMERYVILLE 

Western Process Design, Inc. 1525-T Powell St. 

(Liquid Ring Pumps) 1M + 

CA HUNTINGTON BEACH 

Rotron Industrial Division 7 20 1 Mars Dr. (Designers 

& Mfrs. of Regenerative Blowers) NR 

CO: DENVER 

Rotron Industrial Division 3730 Paris Unit B 

(Designers & Mfrs. of Regenerative Blowers) NR 

CO: LITTLETON 

NORGREN, C. A. COMPANY One Norgren Plaza (ZIP 
80120) (Noise Reduction; Reduces Noise Of 
Compressed Air/Blow Offs, Parts Ejection. Chip 

Removal, Etc.) (303— 794-261 1) 1M + 

CT: FAIRFIELD 

Clarktron Products Inc. 68 4T State St. Ext., P.O. Box 

1496 1/2M + 

CT: MILFORD 

AIR-VAC ENGINEERING CO. INC. Dept. T (ZIP 06400) 
(203 — 874-2041) 1M + 

CT: RIDGEFIELD 

Rotron Industrial Division Box 66 (Designers & Mfrs 

of Regenerative Blowers) NR 

CT: SIMSBURY 

Rotron Industrial Division P.O. Box 905 (Designers & 

Mfrs. of Regenerative Blowers) NR 

FL: ORLANDO 

Westinghouse Electric Corp., Turbine Generation 

Operations Div. The Quadrangle 50M + 

FL: SANFORD 

Rotron Industrial Division 2803 Perk Dr. (Designers & 

Mfrs. of Regenerative Blowers).... NR 

FL: TAMPA 

Safety Equipment Company 6509 N. Harney Rd. 

(Distributing Safety Products) 1M + 

GA: ATLANTA 

Rotron Industrial Division 2758 Chamblee-Tucker Rd. 

(Designers & Mfrs. of Regenerative Blowers) NR 

IL: CHICAGO 

Walsh Press & Die Co., Sub. of Katy Industries Inc. 

4 709 W. Kinzie St. (For Punch Presses) 50M + 

IL: ELGIN 

Katy Industries, Inc. 853 Dundee Ave. (For Punch 

Presses) 10M + 

IL: MELROSE PARK 

Darley, W. S., & Co. 2000 Anson Dr., Dept. T 5M + 

IL: PROPHETSTOWN 

PENBERTHY-HOUDAILLE. INC.. A SUB. OF 

HOUDAILLE INDUSTRIES, INC. P.O. Box 112 (ZIP 

01277) (8 1 6 — 637-23 1 1 )... 60M+ 

IL: ROCKFORD 

Rotron Industrial Division P.O. Box 5 122 (Designers 

& Mfrs. of Regenerative Blowers) NR 

IN: INDIANAPOLIS 

Rotron Industrial Division 6450 Around the Hills Rd. 

(Designers & Mfrs. of Regenerative Blowers) NR 

I A: CEDAR RAPIDS 

Rotron Industrial Division 4 17 1 6th St. N.E. 

(Designers & Mfrs. of Regenerative Blowers) NR 


KS: MEHRIAM 

Rotron Industrial Division 64 1 2 Carter St., P.O. Box 
3 114 (Designers & Mfrs. of Regenerative 

Blowers) 

KS: WICHITA 

Rotron Industrial Division 1923 S. Hydraulic St. 

(Designers & Mfrs. of Regenerative Blowers) NR 

LA: BATON ROUGE 

Rotron Industrial Division Jubon Station. P.O. Box 
64985 (Designers & Mfr, of Regenerative 

Blowers) NR 

KO<: SOUTH HADLEY FALLS 

UNION ENGINEERING CORP. 3 W. Main St (ZIP 

01076) (413-533-4400) 1/4M- 

MA: WALTHAM 

Jet-Vac Corp., The 69 Pond St 1M + 

ML PORTAGE 

Rotron Industrial Division P.O. Box 2 1 5 (Designers & 

Mfrs. of Regenerative Blowers) NR 

MN: MINNEAPOLIS 

Rotron Industrial Division 4346 Xerxes Ave S. 

(Designers & Mfrs. of Regenerative Blowers) NR 

MO: CHESTERFIELD 

Rotron Industrial Division 300 Chesterfield Center, 
Suite 280 (Designers & Mfrs. of Regenerative 

Blowers) NR 

MO: KANSAS CITY 

Lebconco Corp. 881 1 Prospect 10M + 

NE: OMAHA 

Rotron Industrial Division 1 227 S. 22nd St., P.O. Box 
3588 (Designers & Mfrs. of Regenerative 

Blowers) NR 

NJ: EAST HA NO VER 

FOX VALVE DEVELOPMENT CORP. 2-T Great Meadow 
Lane (ZIP 07936) (Standard, Custom Designs; 
Stainless, Exotic Materials) (201— 887-7474) .... 1M + 
NJ: WESTFIELD 

Croll-Reynolds Co., Inc. P.O. Box 668 NR 

NY: BATAVIA 

Graham Manufacturing Co., Inc. 20-T Florence 

Ave 2 5M + 

NY: BUFFALO 

Nortel Machinery, Inc 105 1-T Clinton St. (Pneumatic 
Air Movers & Air t Flow Amplifiers) NR 

Rotron Industrial Division P.O. Box 1 129 (Designers 

& Mfrs. of Regenerative Blowers) NR 

NY: ELMSFORD 

Fire-End & Croker Corp. 7 Westchester Plaza, Dept. 
T-86 (Domestic & Export. Hose Stations, Nozzles, 
Monitors, Valves, Extinquisher & Hose Cabinets, 
Complete Exterior & Interior Fire Fighting 
Equipment For Industrial, Construction & Municipal 

Markets) 5M + 

NY: HAUPPAUGE 

Festo Corp. 395-T Moreland Rd 50M + 

NY: NEW YORK 

Vita Motivator Co., Inc. 200-T W. 20th St. 1/4M + 

NY ROCHESTER 

Rotron Industrial Division 300 White Spruce Blvd. 

(Designers & Mfrs. of Regenerative Blowers) NR 

NY: SA UGERTIES 

Rotron Industrial Division North St. (Designers & Mfrs. 

of Regenerative Blowers) 50M + 

NY: SCHENECTADY 

Rotron Industrial Division 30 Jay St. (Designers & 

Mfrs. of Regenerative Blowers) NR 

A/C. CHARLOTTE 

Fox Trim Away Corp. Dept. T, 97 24 Southern Pine 
Blvd NR 

Rotron Industrial Division P.O. Box 2324 (Designers 
& Mfrs. Of Regenerative Blowers) NR 
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SECTION 5, COMPUTATIONS 


5.01 A complete presentation ol the perlormance ol 
an ejector system shall include a statement o f the lollow - 
ing significant quantities: 


(a) 

Capacity — naming motive-fluid 

used 

a>) 

Suction pressure 


(0 

Suction temperature 


(d) 

Discharge pressure — specifying i 
is the recovery pressure 

il the reading 

(e) 

Motive-fluid pressure — specifying if the read- 
ing is the recovery pressure 

(0 

Motive-fluid temperature 


(?) 

Motive-fluid flow rate — naming 

fluid 


If the system includes condensers, add the following: 

(h) Cooling-water flow rate to each condenser 

(i) Temperature of cooling water entering and 
leaving each condenser 

The limiting conditions of stable operation shall also 
be given in terms of motive-fluid pressure and discharge 
pressure. 

5.02 Before calculations arc undertaken, the 
instrument readings, as recorded in the log, shall be 
scrutinized for inconsistency and fluctuation. Where the 
magnitude of fluctuation, or the deviation from the pre- 
scribed operating conditions is in excess ol tin- limita- 
tions given in Table ] , the test point shall be rejected. 


nozzle arrangements provided in Section 4. They may- 
lie used only with gases where the physical properties do 
not vary, and are accurately known. 


For subcrilieal flow where P 2 is more than 55 percent of 
I\ for air or steam 


m 


J 1590 F a Cd 2 Y a ' 
(1 - fJ 4 ) 1/2 


Lp. (Pi -P*)] 1/2 iVhr 


For metric units the constant 1890 becomes 3960 


V ’ 
' a 


( y \ - r<y I,/7 1 

1/2 

n-r 1 1 

IVv v- r l 


f 

l 

*co 

-J 

to 

1 5 


(See Table 3 for Y a ' for air and steam.) 

For critical flow where P 2 is less than 50 percent of P l 
m - limF a Cd 2 7' (p , /' , ) 1 2 lb/hr 
For metric units the constant 1890 becomes 3960 


z' 


2 \ f/fT'-l) / 7 


7-1 1 


7 ■ 1 


1 



1/2 


(See also Fig. 10.) 


5.03 The average value ol the readings ol each 
instrument shall be computed and corrected by its 
calibration curve. Where more than one instrument is 
used for the same measurement, the corrected readings 
must be within the limits prescribed in Table 1 or tin- 
point shall be rejected. 

5.04 The readings of pressure gages shall be corrected 
for the net effect of liquid head in the connecting tubing 
provided the tubing is full. There shall he no pockets of 
w ater in vapor tubing nor gas bubbles in liquid lines. 

5.05 The specific weight of all manometer fluids 
shall be computed for the prevailing room temperature, 
and the pressure readings expressed in standard units. 
Manometer readings shall be adjusted tor the differential 
expansion of the fluid and the scale. 

5.06 Discharge coefficients to he used for the flow 
nozzles (including motive-fluid) shall have their source 
identified and agreed upon. For ASME long-radius 
nozzles, the values from "Fluid Meters, sixth edition, 
shall be used. 

5.07 Flow Formula. The following simplified 
formulae shall he used for computing ilow rates with 


A more exact formula for critical flow is that critical flow 
is present if 


Pi 


<P, 


t 



7/17-1 > 


Where 


m 

- flow rate 

English 

lb/hr 

SI 

kg/hr 

c 

= discharge coefficient 



D 

= diameter of pipe at upstream 
section 

in. 

cm 

d 

= diameter of orifice in nozzle 

in. 

cm 

P 1 

= upstream static pressure 

psia 

kg/ cm 2 

Pi 

= downstream static pressure 

psia 

kg/cm 2 


r =P 2 /P 1 


7 - CpjC v . ratio ot specific heals 

(3 = ratio ol nozzle orifice diameter 
to the pipe inside diameter. 

d/D 


p - density 


lb/cu ft gm/cc 
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For air p { = $2,099 P\/Ti in English unils or p t =0.341 3 
Pi IT i in Metric units where l\ is the up- 
stream temperature in absolute units. For 
steam, consult the 1967 ASME Steam Tables 

Y' a - expansion factor at subcritical-flow conditions, a 
ratio 

/ = expansion factor at critical-flow conditions, a ratio 

F a = arl ' ;l multiplier lor thermal expansion of nozzle 

Note: Constants 1890 and 3900 are based on gravity' constant, 

9 - 32.17 ft/soc 2 

5.08 Total pressure P x used in determining whether 
flow is critical or subcritical may be found directly with 
an impact tube or calculated as follows: 


P 


t 


T\__ 

., 4 7 / 2 \ (7 + l)/(7- 1) 

^ ~ 2 {—) 


5.09 1 ’or tests using atmospheric air, the ettect of 
humidity mav be considered negligible for temperatures 
up to 1 00 ° F. 

5.10 For air, the value of 7 shall be taken as 1.4 
under all How conditions. For steam, 7 may be taken as 
1.3 for all steam conditions up to 200 psia and 600 F. 
Other values mav be obtained from the steam tables lor 
pressure and temperature conditions upstream of the 
nozzle. 

5.11 Figure 7 mav be used for the flow nozzle dis- 
charge coefficient obtained from 

C = 0.9977) - 0.00653 (JO 6 /Re ) 1 ' 2 
Where Re is the Reynolds number expressed as 

m 35.3 in 

Re = English or Re = SI 

235.6 lid fid 

M = absolute viscosity in lb m /ft see in English units or 
centipoi.se for SI units 

See Figs. 8 and 9 for viscosity of air and steam. 

5.12 It is recommended that the value ol (] not exceed 
0.25 for anv flow measurements with sonic flow through 
metering nozzles. 

5.13 The capacity of the ejector is sensitive to tin- 
suction temperature. Where the fluid being pumped is air 
or steam, capacity correction values to be used are shown 
in Fig. 11. In using this factor, note that an ejector will 
handle more lb/hr of a cool gas than a hot one. 

Temperature correction lactors are not available lor 
suction fluids other than air or steam or lor motive fluids 
other than steam. 


5.14 If a mixture of air and steam is used as a suc- 
tion fluid, the suction temperature, t s ., shall be computed 
as follows: 

(in Cp l ) a]r + (m Cp Osteam 
” " ’ 

(m Cp ) a ir + (m Cp ) s team 

where 

m - fluid rate in lb per hr (kg/hr) 

Cp = heat capacity in Btu/lb °F (cai/gm°C) 
t 4 = air temperature upstream of flow nozzle in °F 

(°C) 

tsf\j = temperature calculated for steam pressure and 
temperature upstream of How nozzle and ex- 
pansion at constant enthalpy, °F (°C) 

Note: Other than the motive-tluid nozzle, no flow nozzle shall 
have a diverging exit section. 

5.15 For suction fluids of various molecular weights, 
the capacity' shall be corrected, as shown in Fig. 12. The 
correction factor is well established for suction pressures 
above 10 mm Hg absolute. Use at lower pressures must 
be agreed to by the parties to the test. This curve is ap- 
plicable for suction temperatures between 50 and 100° F. 
In its use. note that an ejector will handle more pounds 
per hour of a higher molecular weight fluid than ol a 
lower one. 

5.16 The capacity and stability at a single point shall 
be determined from a graphical plot, as illustrated by 
Fig. 6 . Corrected capacity points are plotted and a curve 
drawn. The same applies to stability data. The respective 
scales on the curve shall be readable within ± 1.0 percent. 

5.17 Measurement of Motive-Fluid Flow Rate. This 
is normally done by measuring the pressure and tempera- 
ture upstream of the motive-fluid nozzle and using one of 
the formulae given under Section 5.07. The orifice diam- 
eter -hall be measured bv plug gages or other suitable 
means. The discharge coefficient for sonic flow is usually 
taken to be 0.97 for nozzles with well-rounded iidets: 
alternatively, Fig. 7 may be used. If the weighed conden- 
sate method is used, the suction-fluid rate shall be zero. 
Au adequate surface condenser must be available. The 
minimum period ol measurement shall be one-hall hour, 
with not less than lour consecutive readings made at 
uniform intervals. The data shall show that the motive 
pressure and temperature were held w ithin 2.0 percent 

ol the mean value. 

5.18 Cooling-water rate shall he measured only by 
methods given in "f luid Meters. " Mloyvable variations 
are given in I able 1 . 
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TABLE 3 

EXPANSION FACTORS FOR FLOW NOZZLES 

Y _ y _ 1 -r <> -' ) / y l-£ 4 \ 

a \ y ~ 1 1 - r 1-/3“ r 2/ 7 / 

7 = 1 .4 for Air 


1 

/ 3 4 

0.95 

0.90 

0.85 

r 

0.80 ~ 

0.75 

0.70 

0.65 

0.60 

0.55 

.2 

0.0016 

0.9728 

0.9448 

0.9160 

0.8863 

0.8556 

0.8238 

0.7908 

0.7565 

0.7207 

,3 

.0081 

.9726 

.9444 

.9154 

.8855 

.8546 

.8227 

.7896 

.7552 

.7193 

,4 

.0256 

.9719 

.9432 

.9137 

.8833 

.8520 

..8198 

.7864 

.7517 

.7156 

,50 

.0625 

.9706 

.9405 

.9099 

.8785 

.8464 

.8133 

.7793 

.7441 

.7076 

.55 

.0915 

.9694 

.9383 

.9067 

.8745 

.8416 

.8080 

.7734 

.7378 

.7010 

,60 

.1296 

.9678 

.9352 

.9023 

.8690 

.8351 

.8006 

.7653 

.7292 

.6920 

.65 

.1785 

.9655 

.9309 

.8962 

.8613 

.8261 

.7905 

.7543 

.7175 

.6798 

,70 

.2401 

.9622 

.9247 

.8876 

.8506 

.8136 

.7765 

.7392 

.7016 

.6633 

.725 

.2763 

.9600 

.9207 

.8819 

.8436 

.8056 

.7676 

.7297 

.6915 

.6530 

.75 

.3164 

.9573 

.9158 

.8751 

.8353 

.7960 

.7571 

.7184 

.6797 

.6409 

,775 

.3608 

.9540 

.9097 

.8669 

.8252 

.7845 

.7445 

.7050 

.6657 

.6266 

.80 

.4096 

.9498 

.9022 

.8566 

.8128 

.77 05 

.7292 

.6889 

.6491 

.6097 

.82 

.4521 

.9457 

.8947 

.8466 

.8009 

.7570 

.7147 

.67 36 

.6334 

.5939 

.84 

.4979 

.9405 

.8856 

.8344 

.7864 

.7409 

.6975 

.6557 

.6152 

.5755 

,86 

.5470 

.9338 

.8740 

.8194 

.7688 

.7215 

.6769 

.6344 

.5936 

.5541 


7 - 1.3 for Steam 


a 


.095 

0.90 

0.85 

0.80 

r 

0.75 

0.70 

0.65 

0.60 

0.55 

1.2 

0.0016 

0.9707 

0.9407 

0.9099 

0.8781 

0.8454 

0.8117 

0.7768 

0.7406 

0.7030 

.3 

.0081 

.97 05 

.9402 

.9092 

.8773 

.8445 

.8106 

.77 56 

.7393 

.7016 

.4 

.0256 

.9698 

.9390 

.9074 

.8750 

.8417 

.8075 

.7722 

.7357 

.6978 

1.50 

.0625 

.9683 

.9362 

.9034 

.8700 

.8358 

.8008 

.7648 

.7278 

.6896 

.55 

.0915 

.9671 

.9338 

.9001 

.8658 

.8309 

.7952 

.7588 

.7214 

.6829 

.60 

.1296 

.9654 

.9305 

.8954 

.8599 

.8240 

.7876 

.7505 

.7126 

.6738 

1.65 

.1785 

.9629 

.9259 

.8889 

.8519 

.8146 

.7771 

.7392 

.7007 

.6614 

.70 

.2401 

.9594 

.9193 

.8798 

.8406 

.8016 

.7627 

.7237 

.6844 

.6447 

.725 

.2763 

.9570 

.9150 

.8739 

. 83.33 

.7933 

.7535 

.7139 

.6742 

.6343 

1.75 

.3164 

.9542 

.9098 

.8667 

.8246 

.7833 

.7426 

.7023 

.6622 

.6221 

.775 

.3608 

.9507 

.9034 

.8580 

.8141 

.7714 

.7297 

.6886 

.6481 

.6077 

.80 

.4096 

.9462 

.8955 

.8473 

.8013 

.7570 

.7141 

.6723 

.6313 

.5908 

j 0.82 

.4521 

.9418 

.8876 

.8368 

.7888 

.7431 

.6992 

.6568 

.6155 

.5750 

.84 

.4979 

.9362 

.8779 

.8241 

.7739 

.7266 

.6817 

.6387 

.5971 

.5567 

.86 

L 

.547 0 

.9292 

.8658 

.8084 

.7557 

.7067 

.6608 

.6172 

.5756 

.5353 
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E-10. Condensing and Noncondensing Types 

Condensing multi-stage ejectors have intercon- 
densers between some or all of the various stages 
(Figs. 5, 6, 7, 8 and 9) for the purpose of condens- 
ing as much as possible of the vapor discharged 
from the preceding stage or stages. In this manner, 
the weight of gas to be compressed by the next suc- 
ceeding stage or stages is decreased. Noncondensing 
multi-stage ejectors have no intercondensers between 
stages. 

E-ll. Intercondensers 

Intercondensers can be surface (Fig. 6) or direct 
contact (usually barometric) (Figs. 5, 7, 8 and 9) 
type. With three or more ejector stages, the inter- 
condenser operating at the lowest absolute pressure 
is the first intercondenser and that following the 
next stage, the second intercondenser, etc. 


E-12. Aftercondensers 

Condensers arranged to condense the vapors dis- 
charged from one or more single stage ejectors, or 
from the final stage or stages of a combination of 
ejectors, at approximately atmospheric pressure, are 
termed aftercondensers. These may be of the surface 
or direct contact type. 

E-13. Surface Intercondensers and 
Aftercondensers 

Surface intercondensers and aftercondensers can 
be arranged in separate shells or can be combined 
in a common shell suitably subdivided. 


DESIGN SPECIFICATIONS 


E-14. Capacity 

The following capacity requirements shall be 
specified: 

(a) the absolute pressure to be maintained 

(b) the total weight in pounds per hour of the 
gas to be entrained 

(c) the temperature of the gas to be entrained 

(d) composition of the gas to be entrained. The 
weight of each constituent shall be specified 
in pounds per hour. 

(e) if the gas is other than air or water vapor, its 
physical and chemical properties shall be 
fully specified. 

E-15. Steam Conditions 

The following characteristics of the operating 
steam shall be specified: 

(a) maximum steam line pressure and tempera- 
ture 

(b) maximum steam pressure and temperature at 
the ejector steam inlet 

(c) minimum steam pressure at the ejector steam 
inlet 

(d) design steam pressure and temperature 

(e) quality of the steam, if it is not superheated, 
at the ejector steam inlet. 


To prevent the nozzle throat areas of the ejector 
from becoming too small to be practical, the ejector 
manufacturer may elect to use a design steam pres- 
sure lower than the available steam pressure at the 
ejector steam inlet. 

It is recommended that the design steam pressure 
never be higher than 90 per cent of the minimum 
steam pressure at the ejector steam inlet. 

E-16. Cooling Water 

The following characteristics of the cooling water 
shall be specified: 

(a) maximum and minimum pressure at the 
ejector water inlet 

(b) maximum temperature 

(c) maximum and minimum quantity available 

(d) source and quality of water 

(e) any limitations on the cooling water for the 
specified capacity. 

E-17. Discharge Pressure 

The pressure against which a single stage or the 
last stage of a multi-stage ejector must discharge 
shall be specified in pounds per square inch absolute 
or inches of mercury absolute pressure. The normal 
barometric pressure in inches of mercury shall be 
specified. 
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STANDARDS FOR STEAM JET EJECTORS 


ACCESSORIES 

fw.8. Accessories inches or less and may include a steam separator 

if required because of wet steam. 

Industrial ejectors may include a steam strainer Power plant ejectors may include steam piping; 

if the steam nozzle has a throat diameter of % steam strainer; throttle and steam stop valves. 


MATERIALS AND DETAILS OF CONSTRUCTION 


E-19. Materials and Details of Construction 


Any of the following grades of materials are the minimum requirements for the parts listed below. 
Specifications are ASTM latest edition, unless otherwise noted. 

(a) Ejector Parts Under Steam Pressure 


Max. Design 
Steam Temp 
F 

Steam Pipe 
and 

Fittings 

Steam Chest 
Nozzle Plate 

400 

In accordance with USAS 
Pressure Piping Code 
B-31.1 

Bronze B 62; Carbon Steel, cast A 216-WCA, 
forged A 181 Grade 1, bar A 107 

650 

In accordance with USAS 
Pressure Piping Code 
B-31.1 

Carbon Steel, cast A 216-WCA, forged A 181 
Grade 1, bar A 107 

850 

In accordance with USAS 
Pressure Piping Code 
B-31.1 

Carbon Steel, cast A216-WCB, forged A 105 
Grade 1 

1000 

In accordance with USAS 
Pressure Piping Code 
B-31.1 

Chrome Molybdenum Steel, cast A 217- 
WC-6, forged A 182-F-ll 

1050 

In accordance with USAS 
Pressure Piping Code 
B-31.1 

Chrome Molybdenum Steel, cast A 217- 
WC-9, forged A 182-F-22 

1125 

In accordance with USAS 
Pressure Piping Code 
B-31.1 

Stainless Steel, cast A296-CF-8M or CF-8C, 
forged A 182-F-316,*F-347 or F-321 


Steam Nozzles 


Stainless Steel, bar A 276-303, 
304, or 416 


Stainless Steel, bar A 276-303, 
304, or 416 


Stainless Steel, bar A 276-303, 
304, or 416 


Stainless Steel, bar A 276-304 


Stainless Steel, bar A 276-304 


Stainless Steel, bar A 276-316, 
347, or 321 


(b) Ejector Parts Under Vacuum (see Note 1) 


Diffusers Bronze B 62 or 144-3D 

Cast Iron A 48 class 30 

Steel, plate A 285 grade C flange quality 

Steel, bar A 107 


Suction Chamber 


Cast Iron A 48 class 30 

Steel, plate A 285 grade C flange quality 


Interstage Valves 


(c) Condensers (see Note 1) 

(1) Direct Contact Type 
Shells 


Internal Water 

Distributing Baffles 


Cast Iron 


Cast Iron A 48 class 30 

Steel, plate A 285 grade C flange quality 

Cast Iron A 48 class 30 

Steel, plate A 285 grade C flange quality or A 7 


Tailpipes 

Water Removal Pump: 
casing 
impeller (s) 


Cast Iron A 126 grade A 
Steel, A 120 

Cast Iron 
Bronze 
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wearing rings Bronze 

shaft Steel, covered with bronze sleeves 


(2) Surface Type 

Water Boxes and Water 
Box Covers 

QIioIIq 


Tube Sheets 


Cast Iron A 48 class 30 

Steel, plate A 285 grade C flange quality 

Cast Iron A 48 class 30 

Steel, plate A 285 grade C flange quality 

Steel Pipe A 53 

Rolled Muntz Metal B 171 

Carbon Steel up to 2 inches thick — A 285 grade C 
flange quality 

Carbon Steel over 2 inches thick — A 201 grade A or 
B flange quality 

Stainless Steel A 240 Type 304 


Tube Support Plates 
and Baffles 

Tubes 


Steel, plate A 285 grade C flange quality or 
“Free Machining” steel plate 

Admiralty Type A, B 111 
Carbon Steel A 214 
Stainless Steel A 249 Type 304 


Note 1: All flanged connections under vacuum shall be flat faced. 


(d) Standard Flanges for Vacuum Service 


Material: Carbon Steel 

Plate — A 285 grade C flange 
55000 psi tensile 
Bar — A 107 grade 1020 
65000 psi tensile 


I.D. 

1 








DRILLING - 
OJ>.- 


T t 


Following notes apply to Table below: 

A. Dimensions W and T above 24 inches are 
rectangular bar sizes. 

B. Use medium carbon steel heat treated 
bolting, A 325 (SAE grade 5) over 24 
inch size. Bolts ar* % inch smaller than 
hole size. 

C. inch thick compressed asbestos gaskets 
to be used. % 


Size 

Inches 

O.D. 

I.D. 

V (A) 

T (A) 

Drilling <■» 

Casket <C> 
Size 

No. & Size Holes 

B.C. 

4 




% 



9x6 

5 

% 

10 x 7 

6 

% 

11 x 8 

8 


% 

USA STANDARD 
125 LB 

WITH CARBON STEEL 
BOLTS 

131/2 x 10 

10 

USA STANDARD 
125 LB 

DIMENSIONS 

% 

16 x 12% 

12 

% 

19 x 15 

14 

% 

21 x 16% 

16 

% 

23% x 19 

18 

% 

25 x 20% 

20 



% 

271/. x 22% 

24 



%' 



32 x 27 

30 

36% 

30% 

3 

1 

28- s i 

34% 

36% x 32% 

36 

42% 

36% 

3 

1 

32 - % 

48% 

42% x 38% 

42 

48% 

42% 

3 

1% 

40 - % 

46% 

48% x 44% 

48 

54% 

48% 

3 

1% 

44 - % 

52% 

54% x 50% 

54 

60% 

54% 

3 

1% 

44-% 

58% 

60% x 56% 

60 

66% 

60% 

3 

i% 

52 - % 

64 

66% x 61% 

72 

78% 

72% 

3 

i% 

60 - % 

76 

78% x 73% 

84 

90% 

84% 

3 

2 

64- 1 

87% 

90% x 85% 

96 

102% 

96% 

3 

2% 

68- 1 

99% 

102% x 97% 
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E-19.1 Protection of Atmospheric and 
Suhatmospheric Spaces 

Ejectors operating under conditions requiring a 
reduction from main line steam pressure to ejector 
design pressure, shall be protected against excessive 
pressure in the normally atmospheric or subatmos- 
pheric spaces. 

(a) Ejector units without interstage isolating 
valves. These unit types, either single ele- 
ment or twin element with separate inter- 
condensers and separate or common after- 
condenser, are to be provided with relief 
devices (set to relieve at 15 psi) on inter- 
condensers if internal pressure can exceed 
15 psi under any service condition. To pro- 
vide for venting of uncondensed steam from 
aftercondenser, a vent of adequate size must 
be provided at the air outlet connection. 
When an air meter is used, an adequate relief 
must be provided. 

(b) Ejector units with interstage isolating valves. 
These unit types with isolating valves at dis- 
charge of both primary and secondary ele- 
ments are to be provided with relief devices 


HYDROSTATIC 

E-20. Hydrostatic Test Pressures 

Steam piping shall be hydrostatically tested in ac- 
cordance with USAS Pressure Piping Code B-31.1, 
latest edition. Suhatmospheric spaces of the equip- 


on all elements set to relieve at 15 psi and 
sized for maximum steam flow under follow- 
ing abnormal conditions: 

(1) Operating motive steam pressure at ejec- 
tor nozzles 25% above design. 

(2) Steam nozzle throat area 10% in excess 
of design. 

Unit types which do not include isolating 
valves at discharge of secondary stages, are 
to be provided with relief devices on primary 
elements only and a vent of adequate size 
must be provided at the air outlet connection 
similar to that described in Paragraph (a). 
For all ejector units with interstage isolating 
valves, it is necessary that a relief device be 
installed between pressure reducing station 
and ejector inlet header selected to relieve at 
25% above ejector design steam pressure 
and sized for maximum steam flow through 
pressure reducing station. To permit reason- 
able sizing of relief device, full size by-pass 
lines are not to be used with the pressure 
reducing station. 


TEST PRESSURES 

ment shall be hydrostatically tested with an internal 
pressure of 20 psig. Water chambers shall be hydro- 
statically tested at an internal pressure 1-1,4 times 
design pressure but not less than 25 psig. 
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STANDARDS FOR STEAM JET EJECTORS 
HEAT EXCHANGE INSTITUTE 
3rd Ed. c 1962 
p. 1-3 

NOMENCLATURE 

E-l. With the view of establishing standard terminology, the following four sketches, 
Fig. 1, are shown of a basic steam jet ejector stage assembly. It should be noted, 
however, that these sketches are merely illustrative for the purpose of indicating 
names of parts. 



1. Diffuser 

2. Suction Chamber 

3. Steam Nozzle 

4. Nozzle Extensions (if used) 

5. Steam Chest 

6. Nozzle Plate (if used) 



7. Suction 

8. Discharge 

9. Steam Inlet 

10. Nozzle Throat 

11. Diffuser Throat 


TYPICAL STEAM JET EJECTOR STAGE ASSEMBLIES 

Fig. 1 
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OPERATING PRINCIPLES 


E-2. The operating principle of a steam jet ejector 
stage is that the pressure energy in the motive steam 
is converted into velocity energy in the nozzle, and, 
this high velocity jet of steam entrains the vapor or 
gas being pumped. The resulting mixture, at the 
resulting velocity, enters the diffuser where this 
velocity energy is converted to pressure energy so 
that the pressure of the mixture at the ejector dis- 
charge is substantially higher than the pressure in 
the suction chamber. 

E-3. An ejector stage has operating limitations on 
the compression attainable and will operate efficient- 
ly only up to a definite maximum ratio of compres- 
sion. The ratio of compression is the absolute dis- 
charge pressure divided by the absolute suction 
pressure. 

For greater ratios of compression than can be 
attained in a single ejector stage, two or more stages 
can be arranged to operate in series. This assembly 
constitutes a multi-stage ejector. 


E-4. An ejector stage is inherently a constant cap- 
acity device. The capacity is a function of the physi- 
cal proportions of the diffuser. 

To obtain variation in capacity, two or more ejec- 
tors, either single or multi-stage, can be arranged 
to operate in parallel, each series constituting an 
element of a multiple element ejector. This arrange- 
ment permits the operation of the number of 
elements needed for the required capacity, as each 
element is capable of completely compressing a 
portion of the total capacity. 


DESCRIPTION OF TYPES 


E-5. Some of the various types of ejector units 
commonly used are illustrated in Figs. 2 to 9 
inclusive. 

E*6. Single Stage, Single Element Ejectors 

These consist of one basic assembly (Fig. 2) 
which is designed to operate at a suction pressure 
below atmospheric pressure and to discharge at 
atmospheric pressure or higher. 

E-7. Single Stage, Multiple Element Ejectors 

These consist of two or more basic assemblies, 
each designed to operate at a suction pressure below 
atmospheric pressure and to discharge at atmos- 
pheric pressure or higher. In these combinations, 
each basic assembly is termed an element. The com- 
plete unit is termed a single stage, twin element 
ejector, (Fig. 3) ; single stage, triple element ejector; 
etc., depending on the number of elements provided. 

E-8. Multi-Stage, Single Element Ejectors 

These consist of two or more basic assemblies 
arranged in series, (Figs. 4, 5, 7, 8 and 9). The first 
and any intermediate assembly of the series is 
designed to operate at suction and discharge pres- 
sures substantially below atmospheric pressure. The 
final assembly of the series is designed to discharge 
at atmospheric pressure or higher. 


(a) The discharge pressure of the fir^t stage, and 
the suction and discharge pressures of the 
intermediate stages, follow no fixed rule, but 
are selected to best subdivide the total com- 
pression among the several stages, according 
to the particular operating conditions. 

(b) The first stage of a multi-stage ejector is the 
stage into which the vapor or gas being 
compressed first enters, the second stage that 
which it enters second, the third stage that 
which it enters third, etc. 

(c) A complete series of stages composed of but 
one basic assembly per stage is termed a 
two stage, single element ejector; three stage, 
single element ejector; etc., depending upon 
the number of basic assemblies arranged in 
series. 


E-9. Multi-Stage, Multiple Element Ejectors 

These consist of two or more multi-stage, single 
element ejectors, assembled in parallel as in Fig. G, 
and arranged to permit the operation of any multi- 
stage element independently or in combination with 
others. These ejectors are unified by the use of 
common condensers with isolating interstage valves 
or by the use of subdivided surface condensers. 






Jet Pumps and rejectors, a Etate of the art 65 
Key lev* and Bibliography , S. T. Bonnington & 
n. L, King, J. A. G. Hemmings, 2nd Ed. 

5 . miscellaneous designs BHKa Fluid Engineering, 197o 

5. 1. Reciprocating and pulse jet pumps. 

For the purposes of this review the reciprocating jet pump described in Walkden (196), 
(203), (272) is combined with the pulse-jet approach, for example, Johnson (235). This combina- 
tion is logical to the extent that it allows the effects of frequency to be compared, although the 
mechanisms and intentions are considerably different. 

The reciprocating pump developed by Walkden operates on the principle of alternately 
injecting and withdrawing fluid axially from a tube, using an orifice, the practical benefit of this 
being that the 'pump' to do this can be entirely sealed from the driving mechanism, for example 
by using a diaphragm or pneumatic drive. Its use is therefore attractive for difficult fluids. 

Although the volume of fluid injected and withdrawn is the same in each stroke, a nett 
head is generated in the mixing tube as a result of the differing flow patterns for an orifice acting 
as a source and a sink. In reference (196) Walkden develops the general theory and outlines some 
assible practical designs (Fig. 9 shows one such arrangement) and in (272) he presents experi- 
mental results. A reasonable agreement between theory and experiment is shown to be possible 
if account is taken of boundary- layer effects in the driving jet. In addition to the usual operating 
variables the injection frequency is shown to have a considerable influence on efficiency and pump 
characteristics; Fig. 10 shows a simplified plot from (272) in which it is seen that the optimum 
pump stagnation head will occur at a frequency around 2 . 4 Hz, but that optimum efficiency requires 
a lower frequency of about 1 Hz. In other respects the pump is similar to the other momentum 
devices in having a straight-line relationship between head and induced flow. 

This type of pump is shown to have a maximum possible efficiency of about 32% comp- 
ared with 38% for a commercial jet pump, but this is offset to some extent by the potential to use 
a greater area ratio without such an abrupt loss of efficiency. Two stages are shown to give rath- 
er more than twice the stagnation head of one stage. Paper (337) discusses some of the practical 
considerations of control of the pneumatic system and describes successful tests on a model pump 
handling molten K 2 SO 4 at 1500°C. 

The pulse jet pump employs a conventional jet by which a short pulse is injected into 
the mixing chamber producing a compression wave which travels to the mixing-tube exit and is 
reflected as an expansion wave. The wave action results in a nett entrainment of fluid, and ent- 
rainment ratios of 20 are quoted as possible in Johnson (235). Flow visualisation has shown the 
pulse to act essentially as a piston with little axial mixing and an analysis on this basis is derived. 

An advantage of this type of action is that very little axial length of mixing tube is necessary to 
reach optimum performance. Pulse frequencies in the range 60 to 100 Hz appear to be typical 
and there is advantage in the pulse cycle occupying something less than one third of the total 
cycle. Reference (235) does not discuss efficiency as such, and the emphasis is on thrust augmen- 
tation rather than generation of a pumping head. 

Nagao (257) also shows the benefit of pulsating drive in the use of diesel exhaust gases 
to drive ejectors. Rao in (270) reports delivery ratio under pulsating conditions to be upto4times 



those for steady flow and in (359) extends his investigation to include changes in ejector geometry 
and pulsation frequency. 

5. 2. Annular and Coanda effect pumps for tunnel ventilation. 

While most ventilation applications employ conventionally designed ejectors Kempf 
(165) and Mishimua (166) should be mentioned for their exploitation of the 'Coanda' wall effect as 
a means of inducing flow in road tunnels where normal means of applying a driving jet would inter- 
fere with traffic requirements. The Coanda effect itself is merely the ability to turn a jet through 
an angle by virtue of its characteristics of adhering to a wall. In the present context the interest 
lies in the attempts to predict the effect of a high velocity driving stream at the wall, which is a 
feature of all annular jet pumps. However, the theories advanced in these papers underestimate 
the performance, in contrast to the overestimation resulting from the usual assumption of uniform 
velocity. 

5.3. Magnetohydrodynamic pump. 

This Is clearly outside the context of the usual ejectors, but it is interesting to record 
a case in which external influences control mixing (169). In this case the applied transverse mag- 
netic field serves to retard the primary and accelerate the secondary flows, and supercedes the 
usual actions of turbulence and viscosity. 

6. MISCELLANEOUS APPLICATIONS 

In the main these ran he summarised as those in which the usual pumping requirement 
of a reasonable pressure ratio and flow ratio does not apply and thrust augmentation or mixing 
characteristics become more important. 

6. 1. Thrust augmentation: 

Marine 

For thrust augmentation extreme choices are a conventional screw-driven thruster and 
a radial-pump driven system with a convergent nozzle, but the latter is inefficient owing to the 
high efflux velocity. Witte shows in reference (256) that combining the low specific speed cargo 
pumps with a jet pump to produce a high mass flow can result in much more favourable thrust-to- 
horsnpower ratios. As with all jet pump designs, optimum performance is achieved only over a 
limited range and this paper discusses optimum design presenting the results in dimensionless 
form . The thrust augmenter operates, of course, with a zero nett head and experiments reported 
in this paper give data specifically under this condition; it is significant that thrust augmentation 
is 10 to 15 per cent higher when the mixing tube is 3. 7 diameters long, than for a length of 9 diam- 
eters, but the reasons for this are not discussed. 

The degree of thrust augmentation reaches about 2. 5. Reference (338) describes the theory 

of and experiments on propulsion devices powered by an annular jet of air. 

Aircraft 

For comprehensive treatment of the thrust-augmentation application the paper by 
Huang (209) is to be recommended (an extensive bibliography is included). The benefits of using 
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supersonic primary nozzle have been demonstrated by Deleo et al (132). 

Hickman (298) deals with the very high entrainment ratios, 10 to 40, involved in air- 
craft applications and shows the same order of divergence between theory and experiment as 
found in other papers on compressible flow ejectors. The longest mixing tube employed in these 
tests was some 4. 5 diameters but this may have been offset by the use of multiple nozzles; the 
tests do not cover a range sufficiently wide to enable a comparison to be made with the above rec- 
ommendations (Witte (256)) of a relatively short mixing tube, but it is interesting to note that Dru- 
mmond (130) shows maximum thrust to occur at a length/width ratio of 6 for a rectangular chann- 
el. 

Faucher (273) achieved thrust augmentation ratios of 1 . 8 with a ratio of channel length 
to minimum width of 5. 1 and ascribed this favourable result to improvements in primary flow inj- 
ection techniques. Jones (376) reinforces this conclusion in a theoretical analysis which shows the 
important effect of inlet flow di stribution. Keforence (394) reports that an increase of thrust aug- 
mentation of about 20 per cent was produced by pulsating the primary jet and the authors ascribe 
this increase to a faster mixing. It should be noted that the mixing duct length was only about one 
duct width. 
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DIVERSITY OF JET PUMPS AND EJECTOR TECHNIQUES 

H. Schmitt, 

Bertin & Cle. , France 
Summary 

The author first reviews the various ejection and compression methods used for extraction, 
compression and mixing of fluids, propulsion or lifting and so forth. This is followed by a brief 
discussion of a general method used in designing Induction units and the appearance of operating 
curves, the compression ratio as a function of the ratio of the flows and variations in efficiency. 
The total efficiency and transfer efficiency characterizing the energy value of the system are 
defined. 

The different techniques used in the design of jet pumps and their performances are listed: 
standard jet pumps using a single axial nozzle of maximum size; multitube jet pumps; annular 
and parietal jet pumps; cylindrical or bidimensional units; pulse jet pumps. 

Efficiency, dimensions, operating noise and manufacturing cost vary so widely that the 
choice of a solution depends on technical and economic requirements or requirements specific to 
each project. 
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Parameters 


Q' 

P' 

P' 

T' 


i i < 


Q : driving, induced and total mass flow 


P" , P 


. i i 


absolute head pressure of driving, induced and mixed 
flows 


, p' ' , p : absolute static pressure of the different flows 


T' ' , T 


total absolute temperature of driving, induced and mixed 
flows 

t : imaginary static temperature 
x : mixing ratio - 

«' s. 

c : mixing section area ratio 

S„ 


__B 

S' 


,D 
V’ 
M : 
C 


i diffuser area ratio = — 

, V ' T , V : local average velocity of the different flows 
local Mach number 
: constant pressure specific heat 

: constant pressure to constant volume specific heat ratio = 


H : enthalpy of flow considered = C^T 
^ : efficiency 
0 : thrust ratio 

R' , R" : constants of driving and induced flow 


l. INTRODUCTION 

jet pumps, in use for many years for a wide variety of tasks, convert 
fluid energy between two flows. In general, a high-pressure fluid 
transfers part of its energy to a low-pressure flrid, and the resulting 
mixture is discharged at a pressure between the dri/ing pressure and 
induction pressure. This approach is universal and does not depend on 
the planned application, be it fluid extraction or compression. It 
works with all fluids, be they gases, liquids, two-phase fluids or 
fluids carrying matter in suspension. 

1.1. Applications 

Following i3 a list of the principal applications. 

1) Extraction by suction of the induced fluid. 

2) Compression by compression of the induced fluid discharged at 
the expansion pression of the driving fluid. 

3) Ventilation and air conditioning by extraction and discharge of 
a mass of gas with small differences in pression around the 

atmospheric pressure. 

4) Propulsion or lifting by intermediate compression of the fluid 
discharged at a certain adaptation velocity. 

5) Uniform mixing of two flows to obtain a uniform concentration or 
temperature or a chemical reaction 

6) Pneumatic or hydraulic conveyance of products in powder form or 
fractions . 



2. DESIGN METHODS 


Various design methods have been developed to calculate the dimensions 
and performance of a Jet pump. In general, all require the use of 
coefficients of friction and losses arrived at experimentally. Here, 
we will discuss a parametric design method. It uses a coefficient of 
total efficiency representative of the losses at the intake, in the 
mixer and in the diffuser, as a function of Jet pump design. It is 
adapted to gases. 


2.1. Design 

The unit comprises : 

1) A driving nozzle through which induction flow Q 1 travels at 
total pressure P 1 and total temperature T* . 

2) A convergent suction duct OA for induced flow Q* ’ at total 
pressure P* 1 and total temperature T* ' . 

3) A mixing section AB, whose section may or may not be constant, 
where the energy exchange takes place between the two flows. 

4) Diffuser BC, where the kinetic energy resulting from the mixture 
is converted into total pressure P, the mixed flow being at 
average temperature T. The mixing ratio is, by definition : 

x . s. 

Q* Q f 


Below appears the design of a Jet pump. 



2.2. Operation 

The Jet pump acts as a sort of venturi tube, in whose narrow sec- 
tion the velocity of the induced flow can be increased to a value 
close to that of the driving flow. This is favorable for high ex- 
change efficiency between the two flows. The energy in the mixer 
can exceed the kinetic energy of the driving flow which would 
expand freely to the total pressure of the induced flow, in such 
a way that the losses considerably influence the energy efficiency 
of the unit. It is thus important to minimize losses by friction 
in the mixing section and conversion losses in the diffuser, both 
of witch are proportional to the square of the velocity. 

The change in pressure through the unit generally appears as shown 
in Figure 1. The pressures do not change across the mixer when 
mixing is complete, and there is a discontinuity at the inlet of 
the diffuser. 



2.3. General calculation of performance 


In accordance with the diagram shown above, for the analysis, the 
functions encountered successively in the unit can be separated 
into : acceleration of the tv/o flows , their mixing and the de- 
crease in velocity in the diffuser. 

The calculation can then be made using the following assumptions : 

1) The acceleration of the driving flow and induced flow is assumed 
to occur with no losses or, what amounts to the same thing for 
the design of the let pump, the values of the total or generating 
pressures P' and P ' ' are considered in plane A at the outlet of 
the driving nozzle and inlet of the mixer where the static pres- 
sure is assumed to be uniform. 

2) The mixer is cylindrical and sufficiently long for the exchange 
of energy to take place in accordance with the theorem of the 
conservation of momentum which can be applied although the actual 
change in pressure along the walls of the mixer is unknown. A 
uniform mixture is assumed to exist at the end *of the mixer. 

3) Since the dimensions of the mixer do not enter into the calcula- 
tion, friction losses in the mixer cannot be determined. An equi- 
valent diffuser efficiency is used, including the losses undergone 
by the flow in these two successive elements. This is justified 

by the fact these losses are of the same shape and basically pro- 
portional to the square of the velocity, diffuser losses generally 
far exceeding mixer losses. 

2.3.1. Equations 

The following equations are considered between planes A and B : 

- Conservation of flow s 
Q - Q' + Q' ' 

- Conservation of momentum : 

(p'S* + Q*v') a + (p^S" + q"s") a = (pS + qv) b + 


[ f pdS + friction along mixer ] 

' , A 

(the two last terms are eliminated on the basis of assumptions 
2 and 3 ) 

- Equilibrium of static pressures at A : 



- Conservation of energy (no exchange of work or heat with the 
outside) : 

QC 'T 1 + Q"C "T" = QC T 
P P P 

- Relationship between the thermal capacities (permitting calcu- 
lation of the final temperature of the mixture) : 

Cp' Q' + C p "Q" = CpQ 

- Equation of states : p = P Rt 



2.3.2. Parametric analysis 
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The different operating parameters, P' and P' ' , T' and T 1 ', M ' 1 
(Mach number of induced flow), can be set, leading to p., V 1 and 
V' ' , Q' and Q* * for a unit value S' of the driving section and 
a specific ratio 



Resolution of the system of equations permits calculation of the 
total pressure and velocity at B at the outlet of the mixer. The 
discharge pressure is then calculated for different efficiency 
figures of diffuser BC. 


As was said earlier, the efficiency of the equivalent diffuser 
includes the losses in the mixer and diffuser, which depend on 
the profile of the velocities at inlet B, the aperture and the 
ratio of . the sections 



Thus, varying Jet pump geometries will give results which vary 
widely as a function of this efficiency whose influence is pre- 
ponderant, especially in the case of Jet pumps with short mixers. 

2.3*3. Operating characteristics 
2 .3.3.1 • Efficiency 

The efficiency of a jet pump can be expressed by the total 
efficiency *1 ^ defined as follows : 


T1 


G 


Me chani cal _energy_available_from_ total flow 
Mechanical energy available from driving flow 


This efficiency permits easily comparing the various jet pump 
designs. 


The transfer efficiency is defined in a comparable manner as 
the ratio 11 T such that : 




Me chan ical_energy_ avail able _fr° ra _ind uc ed flow 
Mechanical energy available from driving flow 


The energy terms are equal to the power of a turbine with an 
efficiency of 1 through which travels the flow considered bet- 
ween the extreme pressures. 

These two expressions for efficiency are interrelated and can 
be written as follows : 

1) Incompressible flow (gases or liquids) 


Q* P’p" 




G 


_ p _i = x _ p _i _(p_=_p::i_ 

Q' P (P' - P" ) P . ( P ' - P ' ' ) 


11 


Ull 

Q* 



p 1 

(x - 1) — 

p t 1 


P_-_P^ 
P* - P 


T 


(P-I-Plll 

( P’ - P) 
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2) Compressible flow (gases and steam) 


In this case a comparison is made of the energies equal to 
the drop in usable enthalpy between the pressures to be 
considered. Let H be the enthalpy and AH its variation 
between two levels of pressure ; we then have : 



and 

h 

T 


QAH 1 ' p . , 

i P 1 
Q' A Hpi , 

* 

Q" 4H"p,, 

Tjl * 

Q’ ah’£ 


x 




ah ’g 
(x - 1) 


AH 


i » 


ah', 


Figure 2 shows the variations in these two efficiencies for 
the same type of jet pump. These are envelopes for units 
adapted for each mixing ratio, and a particular jet pump 
will have an efficiency curve as shown by the dotted line. 


Figure 3 shows the variations in efficiency as a function 
of the mixing ratio and for different ratios of generating 

pressures h ' «• ~p TT • Wh en diffuser efficiency h ^ is 

high, there is a significant decrease in total efficiency 
when the ratio of pressures increases. However, in actual 
Jet pumps where the efficiency of the equivalent diffuser 
varies between 0.3 or 0.4 and 0.7 in the best of cases, the 
envelope for the total efficiency of a given Jet pump de- 
sign is only slightly influenced by the ratio of pressure 
This greatly facilitates comparisons between various tech- 
niques. 

2. 3 . 3 . 2 . Thrust ratio 


In the design of propulsion and lifting jet pumps, the maximum 
ratio is sought between the momentun QV of the mixed flow and 
the momentum of the driving flow Q'v' which expands freely 
in the atmosphere. tn 


If 0 is the thrust ratio, we have : 


0 


... QV 
Q'V' 


th 


and 0 2 - -f-'l 

Q'V 2 


th 


with 

Q* 


x and 


2 

.__9Y 

Q'V ' 5 


th 


n 

G 


we thus have : 

2 

0 2 = 71 Q X, 'Iq = — and 0 = V T| (j x 

X 


These are the basic equations demonstrated by Jean BERTIN 
in 1955 . 

They show that the thrust ratio of a jet pump is in no way 
limited to unity and that it depends greatly on the internal 
efficiency of the unit. Figure 4 shows the appearance of the 
variations. 



2. 3. 3*3. Pressure ratio 


The pressure characteristics of a jet pump can be shown as 
a function of the flow using reduced coordinates. The flow 
is shown by the mixing ratio 


T» ' \ / r' ' v ' 

\ - L - expressing the influence 

T' V R' t" 

of gases of different types on the two flows. 

The effective compression P - P' ' is referred to overpressure 
P 1 - P 1 ' or P 1 - P respectively for compression and extraction 
units . 

Figure 5 shows the characteristic curves of jet pumps used, 
for example, in exhausting fumes under incompressible flow 
conditions. The dotted line represents the case of a particu- 
lar Jet pump with its point of adaptation at A. 



3. JET PUMP TECHNIQUES 

The standard Jet pump uses an axial nozzle, a generally cylindri- 
cal mixer and a divergent diffuser with a small angle (7 to 8 
degrees). This is the simplest design, but one having the largest 
dimensions and poorest performance. 

Thus, different techniques should be examined to improve the effi- 
ciency and compactness. Following are the major techniques listed 
in order of increasing performance (see figure 6). 

3.1. Standard Jet pumps already mentioned. 

3.2. Jet pumps with parietal injection of the driving fluid by an 
annular slot at the inlet of the mixer are well suited to the 
pneumatic conveyance of products or the extraction and cooling 
of hot gases. 

3.3* Multitube and bldlmensional jet pumps 

Multitube cylindrical jet pumps can comprise three, seven, nine, 
19* 37 and so forth driving nozzles. The nozzles are generally 
placed at the comers of a grid of equilateral triangles. 
Performance increases with the number of injectors. However, 
there are often practical limits to the increase in the number of 
injectors. These jet pumps are used for numerous applications, 
from the extraction of fumes to the filling of flexible envelopes 
and compression and mixing in crackers. 

Bidimensional Jet pumps comprise slots or injector lines. Their 
performance can be of the order of these of cylindrical jet pumps 
with equivalent space distribution of the injectors in the inlet 
of the mixer. They are widely used for air conditioning and in 
aeronautical applications for lift and propulsion (thrust augmen- 
ter and augmenter wing). In the latter case, compact electors 
are used with a diffuser, and related losses, very limited. 

3.4. Annular jet pumps with thin divergent flow whose performance is 
comparable to that of jet pumps with seven or nine divergent 
injectors. Divergence of the driving fluid flow is used to control 
the distribution of the velocities at the inlet of the diffuser 
and sizably increase the latter’s efficiency. , 

3*5. Jet pumps with several annular flows , concentric and divergent. 
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whose compactness and performance with a diffuser are the best 
for Jet pumps handling uninterrupted flows. These are used for 
lift applications in aeronautics and can supply thrust ratios 
greater than 2 for mixing ratios of the order of 10. 

3.6. Pulse jet pumps , whose driving flow comprises successive "bursts" 
or "blasts 1, of gases sucking in waves of induced air. Efficiency 
can be very high (of the order of 60 to 80 % in pulse jets with 

no moving parts). These jet pumps were widely used in steam engines 
(Kyihapp exhaust) where, in fact, a source of pulsed driving gas 
was available. Their performance is thus very interesting, but 
the operating noise of these jet pumps is a major handicap to 
their development. 

Figure 6 represents the design and relative dimensions of the 
various Jet pump techniques discussed above. We can see that 
jet pumps with control of the distribution of the velocities 
at the diffuser inlet permit higher velocities at the inlet 
of the mixer whose diameter is smallest. In addition, jet pumps 
with multiple injectors will have a shorter mixing length. This 
permits designing more compact units. The mixing length is reduced 
approximately in the ratio of the square root of the equivalent 
number of injectors whose section is equal to that of a single 
driving nozzle . 

Figure 7 shows the comparative change in the efficiency of the 
various Jet pump techniques considered. We can see that the 
interest of sophisticated designs grows with the mixing ratio. 

Standard jet pumps, having the poorest performance, cover a vast 
domain according to their manufacturers. 

They are followed by parietal jet pumps and then multitube, bidi- 
mensional, compact and annular jet pumps with diffusers whose 
performance is rather similar. 

Jet pumps with three annular, divergent nozzles have given the 
best performance up to now for high mixing ratios, from 8 to 12. 
Two remarkable applications use thrust augmenter jet pumps and 
pulse jets, units having little if any diffuser and thus not 
subject to the high losses associated with this element. In the 
case of jet engines, this high performance permits the use of 
noise-absorbent packing whose additional friction losses remain 
acceptable. 

3.7. From these comparisons, due to its simplicity and low manufactu- 
ring cost the standard jet pump can be seen to be best suited 
for virtually all applications with a low induction or mixing 
ratio. However, Its performance decreases rapidly with the mixing 
ratio while Its size and operating noise are the greatest (single 
nozzle with the highest consumption). 

For intermediate mixing ratios, with values of x of 3 to 6 or 8, 
we have multinozzle cylindrical or bidimensional and simple annu- 
lar designs whose performance, compactness and operating noise 
are greatly Improved with respect to 'the standard design. 

Lastly, for high-power, high-flow industrial applications, despite 
the higher co3t it is very worthwhile using jet pumps with multi- 
ple annular, divergent nozzle whose operating noise, in addition, 

1 3 relatively low (lowest driving flow off all designs and minimum 
equivalent hydraulic diameter). For aeronautical applications and 
low-speed lift devices, these units can give thrust ratios excee- 
ding 2 with mixing ratios of 10 to 12. 


For very high mixing ratios, units with two or three stages 



should be used. Their efficiency is superior to that of a 
single-stage unit. This is primarily due to the small size of 
the diffuser used with each stage, with a limited mixing ratio. 

4. CONCLUSION 


We hope this brief discussion has clearly demonstrated the variety 
of Jet pump designs available today. Lengthy experience permits 
rather good prediction of the performance of units with long 
mixers. However, the problems are more complicated for short and 
asymmetrical mixers and diffusers. Nonetheless, the potential 
performance combined with the simplicity and reliability of 
these units having no moving parts make them very attractive for 
many applications. As concerns the environment, modern sound- 
proofing techniques can virtually always provide a solution to 
individual problems. Given these conditions, it is almost always 
possible to solve an ejector problem knowing all its technical 
and economic aspects. 
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(T) Sophisticated conventional jet- pumps (1< Tt'< 10) 
® Jet -pumps with annular divergent nozzle 
® J«t -pumps with 3 annular divergent nozzles 

Fig. 3 Compared variations of global efficiency function of 
driving pressure and mixing ratios 
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Fig. 4 Thrust augmentation variations versus mixing ratio 
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Fig. 5 Characteristic pressure ratio for jet-pumps in 
incompressible flow 



Fig. 6 Various jet-pump schemes 
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Tlirer* annular divergent nozzles for manufactured gas compression 


Driving natural gas - 12 bars - 27500 St m ’/h 
Induced manufactured gas - p atm - 82500 St m /h 
Mixed gas - 1 , 29 p atm - 110000 St nr'Vh 
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Classical jet pump for gas compression and calorific potential adjustment - 8^138 
Driving natural gas - 60 bars - 90000 St nv'/h 
Induced manufactured gas - 15 bars - 12500 St m /h 
Mixed gas - 30 bars - 102500 St m' /h 



Multinozzle (7) aspirator for rescue slides inflation - 18906 
Variable mixing ratio from 1 2 at beginning to 3 or 4 at the 
end of pressurization is obtained with a variable pressure- 
expansion valve 
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The Kylchap steam locomotive exhaust system was designed and patented by the famous French steam engineer 
Andre Chapelon, using a second-stage nozzle designed by the Finnish engineer Kylala and known as the Kylala 
spreader, thus the name KylChap for this design. 

The Kylchap exhaust consists of four stacked nozzles, the first exhaust nozzle (UK: blastpipe) blowing exhaust 
steam only and known as the primary nozzle, this being a Chapelon design using four triangular jets. This exhausts into 
the second stage, the Kylala spreader, which mixes the exhaust steam with some of the smokebox gases; this then 
exhausts into a third stage, designed by Chapelon, that mixes the resulting steam/smokebox gases mixture with yet 
more smokebox gases. The four nozzles of this then exhaust into the fourth stage, the classic stack (UK: chimney) bell- 
mouth. 

It was Chapelon's theory that such a multi-stage mixing and suction arrangement would be more efficient than the single 
stage arrangement hitherto popular in steam locomotive draughting, where an exhaust nozzle simply is fired up the 
middle of the stack bell-mouth. It would also ensure a more even flow through all the firetubes, rather than concentrating 
the suction on one area. 

The efficiency of the Kylchap system relied on careful proportioning of its components, and perfect alignment and 
concentricity. 

Kylchap exhausts are found on many French locomotives and also on a number of British ones. Sir Nigel Gresley of the 
LNER was a proponent, and the Kylchap exhaust was fitted to a number of his big Pacifies, including the famous Flying 
Scotsman and the world record holding Mallard. Later LNER Thompson and Peppercorn designed Pacifies also had 
them, including preserved Peppercorn A2 Blue Peter, as will the recreated Peppercorn A1 Tornado. The last steam 
express passenger locomotive built in Britain, Duke of Gloucester, was not fitted with a Kylchap exhaust in service, but 
one was fitted in preservation when it was realized that poor draughting was one of the biggest reasons behind its poor 
performance in its service days. 

Kylchap exhausts were also fitted to some British-built export locomotives, primarily Garratt s for Africa, but the only other 
nation to take them up in quantity was Czecho slovakia , where they seem to have been quite common. 


The Kylchap wasn't the only advanced steam locomotive exhaust: another French design, the Lemaitre, had some 
success in France and England; noted Argentinian engineer L.D. Porta has designed several, the Kylpor, Lempor and 
Lemprex designs; and several US railroads including the Norfolk & Western used a concentric nozzle known as the 
waffle iron exhaust. 
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Some articles mentioning "Kylchap": 

A4 (disambiguation) Electric locomotive LN ER A4 class 4468 Mallard (locomotive) Steam locomotive 

A4 Pacific List of locomotives Mallard Mallard (train) Steam locomotives 
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The KylChap; Patents #622.123 & #626.276 - 8/21/1926. Copies available from the I.N.P.I. 

• Basically, it is made by stacking of four different nozzles, the first one blowing exhaust steam 
only and called "primary nozzle", a Chapelon designed item of a very particular shape generating as few 
as possible back pressure dividing the steam flow into four jets, followed by a Kylala designed nozzle in 
which a first steam/combustion gases mix occurs, followed by another Chapelon designed nozzle where 
a second combustion gases suction/mix process occurs, followed by a "classical" chimney bell type of 
nozzle, forming the last suction and mixing point. 

As usual, a larger version of each drawing can be seen by clicking the picture. 



The Kylala nozzle 

It's the " second stage" of the KylChap blasting 
(literal translation of French technical word 
for this part of a Marc Seguin's based design - 
I mean multiple smoketubes - of steam 
generator is exhaust, that's why I use it quite 
often and erroneously. Sorry.) Steam is 
" blown " in it by a first nozzle containing four 
triangular shaped blades . Drawings of it to 
come soon, but it can already be seen, not very 
clearly, in the drawing below. 

Drawing: 39.4 K .gif file. 


The full KylChap 


Here you may immediately perceive one of 
the basic ideas of Chapelon about efficient 
blasting systems that is the necessity of 
multiples suction points and/or the necessity 
of a progressive, multi-points mixing of 
fluids (have a look at a drawing of a good 
injector), here we have 3 different suction 
points conveniently well vertically spaced in 
front of the tubes plate. The version shown 


http://www.chapelon.net/kylchap 1 .htm 
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here is the final one, called IK/ 1C used in 
single, dual (called 1K/1C-1K/1C and not 
2K/2C as often read) or triple (242 A 1) 
paralleled configurations according to the 
capacity and to the quantity of steam to be 
produced by the boiler. Relative positions and 
proportions of the various nozzles, 
independently of general dimensions, proven 
to be absolutely critical parameters to obtain 
an efficient KylChap, as are their perfect 
concentricity and alignment (precision for 
"would be" KylChap modellers). Also note the 
four vital blades in the topmost Chapelon 
nozzle. 



The three basics paralleled KylChaps shown 
here being cut along three different vertical 
axis, most details are visible... 
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A very rarely shown drawing: 

The "Super KylChap" 

Fully annotated sketch by the hand of the 
master, unique opportunity to improve your 
technical french! But I can also help you a bit 
saying that Tuyere(s)=Ajutage(s)= nozzle(s)... 


Melange gazeux= gases mix. 


Explanation of improvements awaited by 
Chapelon with this design is also on hand, 
currently under translation. Will come. 

Briefly, the major difference, not very visible 
on this sketch is the addition of a second 
Kylala nozzle above the Chapelon tuyere 
resulting in a fourth suction/mixing point. 

Chapelon never tried to experiment with it, 
saying "... Difficulties to gain agreements to 
give solid form to highly valuables projects 
are already so hard, I don't want to fight again 
for such a minor idea." 


Comparison of the KylChap with almost every other existing systems . You will even find graphs 
concerning some major foreign locomotives, U.S. and others. At least one curve concerning the 
LEMAITRE blasting device, used as the basis of the LEMPOR system, I'll someday add a few lines about 
the latest... Vacuum figures are not converted, because I really don't know what is the most used unit 
intemationnaly. A brief mail about it will be welcome! A part of the text has yet to be translated. Of 
course, click on the sheet for a large readable version. 


• 240.701 Chapelon 4 8 0, P.O. RailRoad (1932). 
- Dual Kylchap. 

• 241 D. 133 4 8 2 P.L.M. RailRoad (1942). - 
Dual P.-L.-M. RailRoad’s blasting system (1 
nozzle containing 4 blades of rectangular 
section in a cross arrangement), in French "a 
croisillon 

• 241.004 Est (1937, see photo gallery). Est 
RailRoad’s six jets (or lobes) said of clover type 
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(and shape) blasting. 

3.500 P.-O. RailRoad's PACIFIC (1932). 
Marcaut's clover type & shape (3 lobes) 
blasting. 

5.1203, Nord RailRoad's DECAPOD (1939). 
Lemaitre's blasting. 

Loc,omotive 2687 P.-L.-M. (1909). - Nord's 
blasting. 

Locomotive Crampton Nord (1859).- Double 
valve blasting. 

Locomotive C 139 P.-L.-M. (1910). 
Echappement a double valve a noyau central. 

Locomotive 01.021 de la Reichsbahn (1921). - 
Echappement circulaire fixe. 

Locomotive 150.1 l.s du Pennsylvania (1923). - 
Echappement fixe a amorce de barrettes. 

Locomotive 221 E. 6.8 du Pennsylvania (1912). 
-Echappement circulaire fixe. 

Locomotive 242 de l'Union Pacific (1938). - 
Echappement fixe a quatre tuyeres. 

Locomotive 231. D. 21 P.-L.-M. (1922). - 
Echappement a trefle P.-L.-M. 

Locomotive 3 . 1 290 Nord (1931).- 
Echappement Nord. 
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THEORY OF THE LEMPOR EJECTOR AS 
APPLIED TO PRODUCE DRAUGHT IN 
STEAM LOCOMOTIVES 


Summary 

This is a revision of the Porta-Taladiz theory of 1957, incorporating the effect of friction in the mixing chamber 
and other corrections. The theory is based on the principle of conservation of energy as applied by Strahl in 
1913, with due corrections for the case under consideration. It serves for the design of an optimum ejector 
leaving a minimum correction of the blast pipe to be carried out in practice as usual since Stephenson’s times. 

It serves also to predict the behavior of a given ejector. 

As a matter of course, the accuracy of either the calculated or the measured performance of the boiler conditions 
the optimization of the ejector design. Fortunately there seems to be a reasonable latitude in the dimensions 
around the optimum. 

The Lempor ejector resembles the Le Maitre and is thermodynamically equivalent to the Kylpor, the latter 
resembling the Kylchap. However, its internal losses to friction in the mixing device are smaller. 

Successful experiments would show 100% improvement against the best known draughting device. 


L.D.Porta 
Buenos Aires 
December 1974 


Introductory Note 

Note added February 1 999. This theory refers to the fundamentals defining the main dimensions of the ejector. 
It requires the calculation (or the obtention by experimental procedures) of the boiler characteristics, a serious 
matter in itself. It also presupposes that a large number of details coming from a long experience are to be 
respected. It does not include the swirl of both of the steam jet and the gas intake. Finally, a still pending 
serious problem is that it assumes that the flow is steady, non-pulsating, a field open to future investigation. It 
is not a "kitchen recipe" guaranteeing good results without a good tuning up with measurements. However, the 
reader may try, provided that if success crowns his trial and error, the merit is to be credited to the theory. If 
not, the Author expects that the failure is not to be credited to the theory, but to the user. 
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Fig 1 The Lempor Ejector 

The principal parts of the ejector are (Fig 1) 

A. The blast pipe or tuyere made up of four nozzles with converging- 
diverging sections so as to account for the supersonic flow prevailing 
during the exhaust beats. 

B. The mixing chamber of slightly converging section whose length is a 
compromise between the evening-out of exit velocity and available total 
height. 

C. The diffuser, having the maximum possible diverging angle, yet with good 
diffusing efficiency. 

D. The Kordina, which is really an ejector in itself disposed so that each steam 
puff creates a vacuum in the other cylinder. 

The interesting cross-sections are: 
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F 

F 
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1 
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Let also be: 


L 

D 

w 0 

Wi 

W b 

w 

Px 

Po 

Pc 

PO-Pc 

Pi 

V 1 

^b 

X 




Units 

[m 2 ] 

[m 2 ] 

[m 2 ] 

[m 2 ] 

[m 2 ] 


Description 

The chimney exit area 

Chimney throat area 

Gas inlet area at the bottom of the mixing 
chamber 

Steam tuyere area 
Ideal diffuser outlet area 


[kg s' 1 ] 
[kg s' 1 ] 

[m s' 1 ] 
[m s' 1 ] 
[m s' 1 ] 
[m s' 1 ] 

[N m' 2 ] 

[N m' 2 ] 
[N m" 2 ] 
[N m' 2 ] 
[N m' 2 ] 
[m 3 kg' 1 ] 


[m 2 ] 


Gas mass (rate) to be expelled 

Mass rate of steam flowing through the 
tuyere 

Mixture velocity at ideal outlet 
Mixture velocity at chimney throat 
Gas velocity at gas inlet section of area F b 

Gas velocity at tuyere exit plane 

Static pressure (absolute) at the tuyere exit 
plane 

Atmospheric pressure 
Smokebox pressure 
Draught 


Pressure at chimney throat 


Specific volume of the steam-gas mixture 

Coefficient expressing the pressure drop 
due to friction in the mixing chamber 

Coefficient expressing the pressure drop at 
the gas entrance 



Ideal diffuser outlet section = 

1 



Diffuser efficiency (e.g. 10) 


Assuming a uniform velocity distribution at every cross-section, the fundamental equation of the ejector is 
obtained by applying the principle of the conservation of energy to the fluid streams: 


Equation 
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In this energy balance, there are 6 terms: 

1 - Mixture compression work which is considered to be carried out at 

constant specific volume Vj and from the pressure prevailing at the tuyere 

exit plane 

2 & 3- Shock losses obtaining in the mixing chamber 

4- Loss by kinetic energy of the gas having a non zero velocity at the ejector 
outlet. The outlet section is taken smaller than the actual one so as to 
account for energy losses within the diffuser. 

5- Useful steam energy 

6- Useful gas energy 


Later a correcting term will be incorporateed to account for the friction obtaining in the mixing chamber. 
Expanding Equation 1, simplifying and dividing by 2 (L+D) and grouping the quadratic terms, we have: 


(p. - p>. - w i + -jh 


W 2 


1 + 

1 W, 


L 


LTD ¥ ^ = 0 


Equation 2 


The continuity equations can be written: 

w = W, = W„ = jfc v„ ^ 


Introducing these values into Equation 2, operating and setting A, as above, 


Po - Px 


_ D 2 v (L + D) 2 Vl a , L 2 v b 


Equation 3 


This expression gives the vacuum at the tuyere exit plane. But it is more convenient to work with the vacuum 
(pressure) prevailing in the smokebox, this related to the working requirements of the boiler. It is 


Pc - Px 


1 

2 



2 


V 


1) 


Therefore it is 
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Po - Px 


(Po - Pc) 



2 


Equation 4 
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Introducing Equation 4 into Equation 3, the fundamental expression giving the smokebox draught is obtained: 


Draught = (j> 0 ~p c ) = 


FF, 


(L + Dfv j 


2 


L + 


*1 




' l' 2 




Equation 

5 


At this point, the friction at the mixing chamber and gas entrance are immediately introduced. ^ is a coefficient 
introduced to express the pressure drop as a fraction of the velocity head at the throat 1/2 * — j v 2 and c, b 

that corresponding to the gas entrance. 

The whole of this treatment assumes that the problem is unidimensional, i.e. that the gas and steam streams are 
coaxial. Equation 5 can be easily solved numerically, giving arbitrary values to Fj and F b and choosing the pair 

making F a maximum. While it is possible to operate mathematically the expression so as to have a formula 
giving F directly, the former procedure has the advantage of showing the sensitivity of the design to a change in 
the different variables. 

It can be written: 


F = 


(Po ~P C ) F \ + 


(L + Df 


1 

2 


Pi 


~L 2 v> 


1 1 + 0 


2 f: 


Equation 6 


Equation 6 can be written 


F = 


A 


B+ C + D 

F » rj 


Equation 7 


in which A - D v 
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102 (L + D) v^A. + ^ 

B = F i(Po - Pc) + c ' 


C = -L\ 


D = i L 2 Vt (l + EjF, = -S(l + £,)F, » -SF, 


2 1 since £, b is small. 


The optimum F b that makes a maximum of F is obtained by differentiating equation 7 and equating to zero. 


# = 0 = 


-A-£-2g 


B + £ + §. 

F b F 2 . 


Hence 


^,2^=0 

Fb F b 3 


C 

-2 ~-F l 
D 2 

F = -2— = — — L=p 
b C C 1 


This result shows that the optimal mixing chamber is not a constant section one. If this result is introduced into 
Equation 5, we get 


Drau^it = (p 0 - p c ) = pp^ - 


(L + Dfvijx 


(fJ ^ 2 (fJ Vb ^ + ^ b ) 


Drau ^ = wf ■ (4^) Vl ( x + I) + I (f^) M 1 “ 5b) 


Equation 8 


Fj (Draught) 


(L + D ) 2 


Equation 9 


y lU + o 


2 Fj ^ b ) 
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This equation can be solved graphically giving tentative values to Fj = F b so as to get the maximum for a tuyere 
area giving the lowest back pressure. ^ 

This theory is based on Strahl’s theory (1) with convenient modifications. A numerical check against the 
application of the momentum theorem to the mixing chamber showed coincident results. Later, it was possible 
to demonstrate a rigorous equivalence. 

The factor 1.01 accounts for a flow coefficient of 0.99 deduced experimentally from data taken at the Rugby 
test plant. 

As a typical value for £, , the figure of 0.10 can be taken, but a more exact estimation is possible if the theory 
given in (1) is accepted. E, b » 0.04 can be considered a typical value for a carefully designed bell mouth. 

Equation 5 allows the prediction of the performance of any ejector satisfying the assumptions stated before, 
while Equation 9 gives the optimum dimensions. It is clear that the design, or the prediction of performance, 
cannot have better accuracy than the boiler data on which are based L, D, draught, v b , etc. and also the steam 

conditions at the blast pipe tip. These can be forecasted with reasonable accuracy by means of laborious 
calculations, but undoubtedly actual test data are far more desirable. However, this is not enough: a locomotive 
ejector, the very heart of the machine, must incorporate due allowances for maintenance standards, fuel quality 
variations, service required from the locomotive, unavoidable steam and gas leaks, etc. Besides, it cannot be 
claimed that the present theory contemplates all the phenomena occurring in the ejector in full detail. Therefore 
it is to be used as the best available approach to an optimum, the final adjustment is to be carried out in practice 
by actual train running and fitting various tuyeres of different area as it has been the universal practice since the 
days of George Stephenson. Fortunately, the main chimney dimensions are given by very flat curves and 
therefore it is possible to play within a fairly large latitude. To account for these phenomena, the ejector should 
be designed for 5% extra gas quantity and 10% more draught. 

(1) 2VDI, 57 (1913), p. 1739 

{Porta L.D., Heat transfer and friction in ejector mixing chambers, 1974} 

The theory can take into account compressibility effects, which are actually influenced at the highest rate of 
working in engines operating with very high draught requirements (up to 700 mm H 2 0 in the SNCF 141R (see 

Appendix A4). Calculations should be carried out solely for the maximum rating since experience shows that 
the automaticity of an ejector so designed is satisfactory and not giving too large an excess of air at low 
working, while- and as a matter of course- no front end limit is apparent. 

The calculations are to be repeated if the engine is called upon the work at very high heights above sea level, the 
atmospheric pressure becoming much lower (53% of sea level pressure at 4775 m above sea level on the 
Tocompa (?) line, Argentina). As it is well known, combustion phenomena change appreciably, yet a very 
limited experience seems to indicate that the same ejector behaves satisfactorily with independence of the 
height. But this does not prove that the optimum dimensions for sea level working remain also optimum at 
higher heights. 

The whole design is a compromise because of the limited height available. The mixing chamber and the diffuser 
dispute the space on hand, and therefore the tuyere should be placed at the lowest possible position in the 
smokebox. So far as the written experience is concerned involving the gas producer combustion system, no 
fears arise of "burning too much at the front or the back" as many time has been said, but no evidence has been 
produced. 

When carrying out the computations, due allowance should be made to account for leakage steam not passing 
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1 Qfhough the blast pipe, air leakage into the smokebox, stoker jets or burner steam (increasing the gas quantity to 
be sucked), stoker engine steam, oil heater steam, vacuum ejector steam, lighting generator steam, steam to 
ashpan for the gas producer combustion system, etc. which are far from being negligible. 

Another point to be considered is the one concerning building up inaccuracies whose influence can in no case 
be favouring, and therefore the actual design should incorporate all available means to provide adequate lining 
up and also least perturbations in the flow. 

An allowance of 1% extra section should be considered on the value of F to account for the contraction 
coefficient. 

Finally, last but not least, nothing is known about the influence of pulsating conditions obtaining in 
locomotives. So far, ejectors designed on the steady flow hypothesis have behaved satisfactorily and blast pipe 
area so predicted required little adjustment in practice and within ±5%. 
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Static back pressure 
(gf cm-2) 



105 


Fig 2: Relation between static and total back pressure 
Comparative measures of ejector performance 

Since most locomotives operate with similar relations between gas and steam mass (L/D « 2) and all of them 
have high superheat temperature and not too different internal cylinder efficiency, the gas and steam conditions 
do not differ too much. Therefore the usual back pressure - draught curve is a fair measure of ejector efficiency. 
The application of thermodynamic principles lead to consider the total back pressure which can either be 
measured with a Pitot tube in the exhaust stand (at % radius of the tube) or corrected according to the graph 
given in Fig 2 if the static pressure has been measured. 
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"fcig 3 gives comparative curves. Those reported to be ejectors designed by the author refer to Kylpor ejectors 
built some 15 years ago and therefore giving a somewhat worse performance of what could be expected from a 
today’s design. It is seen that performance is some 40% better than any other type of apparatus, possibly 
increasing to 50% if the present knowledge is applied. 


Another comparative parameter, easier to determine, is the relation given in Table 1. 


tuyere_ area 


gas_ area_ through_ the_ boiler 


The back pressure is proportional to the (tuyere area) 2 while the boiler draught is proportional to (gas area)' 2 . 
Due allowance should be made when comparing ejectors, to the fact that oil-burning and "gas producer" 
engines are so designed that part of the steam produced does not pass through the blast pipe. 



Table 1 


Engine 

Tuyere area F 

Gas area D 

F/Q 

(F/Q) 

Ejector 

Fuel 
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cm 2 

cm 2 


2 -10 4 



P0240.701 

200 

4942 

0.0405 

16.4 

Kylchap 

Coal 

242 A 1 

246 

5593 

0.044 

19.3 

Kylchap 

Coal 

141R 

179 

5091 

0.035 

12.4 

Kylchap 

Fuel oil 

141R 

179 

5910 



Kylchap 


141R 

229 

5910 

0.039 

15.0 

Kylchap 

Coal 

141R469 

199 

5910 

0.034 

11.3 

American 

Coal 

9F 

195 

5091 

0.035 

14.7 

Giesl 

Good coal 

1802-FC6B 

Argentine 

216 

5000 

0.043 

18.0 

Improved 

existing 

Kylchap 

Oil burning 

4674FC6B 

Argentine 

110 

2078 

0.054 

29.0 

Kylpor 

Gas producer 
combustion 
system, high 
ash coal 

4674FC6B 

Argentine 

115 

2078 

0.057 

32.0 

Kylpor 

Gas producer 
combustion 
system, high 
ash coal 


The back pressure 

One of the ultimate goals of ejector design is to make a least demand to the engine in terms of back pressure or 
either to produce the maximum draught with a given back pressure. High draught produced economically means 
ample latitude to play with boiler design, gas areas, grate design, etc. essentially resulting in a smaller and 
lighter boiler, dispensing extra carrying wheels, good turbulence in the firebox, clean tubes, less smoke and 
happy crews because of an adequate steaming reserve. No effort should be spared in designing the ejector for 
maximum efficiency, otherwise one would fall into the trap of the "good enough engineering" which would 
come short of the hard competition obtaining in a near future. 

The meaning of the back pressure goes further than the simple horsepower evaluation obtained after introducing 
its figure in the IHP formula: it is the lower boundary of the steam cycle and its importance can be clearly 
shown when comparing its heat drop and the engine heat drop on the Mollier and of course its value is sensible 
at high powers and reduced cut-off. 

Back pressure is usually measured with a manometer connected to the exhaust stand, but this is 
thermodynamically not correct because solely the static back pressure is reported: no account is given to the 
energy of the steam at the measuring point which is extracted from the pistons. Figure 2 gives the proper 
correction factor, which is not great in usual circumstances, but not so when the area ratio of stand pipe/tuyere 
is near unity. This happens especially in improved engines, not to say in author’s designs in which the exhaust 
stand area equals the tuyere area: the static pressure manometer always reads zero. 

The normal design of the exhaust stand is such that each puff of one cylinder affects the piston on the other and 
therefore the time average back pressure, static or Pitot, is reflected in the indicator diagram. In the author’s 
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designs the exhaust stand is so designed that the indicator line shows a lower back pressure than the manometer 
reading. 

The time average back pressure can be obtained from the Mollier after an allowance for a flow coefficient of 
0.99 which has been deduced from test data obtained at Rugby. This coefficient accounts for the actual 
reduction resulting from friction in the tuyere, the pulsating nature of the flow, the supersonic puffs, etc. One 
allowance should be made on the pressure around the tuyere, which is lower than the atmospheric. 

Final comments 


The theory here presented involves an accurate mechanical realization which is somewhat difficult given the 
kind of apparatus working in a hostile environment and handled by usually rough boilersmiths. It is felt that 
there is room for improvement and development work, particularly in considering the effect of pulsations. 

Since the back pressure - draught experimental curves show a definite progress which it is hoped to still 
improve, it is felt that this will lead to a reduction of the boiler size for a given heat duty, therefore making a 
contribution to the increase of the power to weight ratio. 

The present paper is a draught for a book (in preparation) to be entitled " Modern Steam Locomotive 
Engineering" . 


Hosted By TrainWeb.com 
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Appendix Al: The equivalent ideal diffuser 

The conversion of kinetic energy into pressure in the diffuser is accompanied by considerable losses which must 
be accounted for. 



Fig 4 Equivalent ideal diffuser 

The equivalent ideal diffuser is one in which the outlet section F 0 is calculated so that the sum of the kinetic 
energy loss is equal to the kinetic energy loss at section Fs plus diffuser friction. 

it is 


Ps - Pi 


T( L +D) 2 v 1 p 


If, 


n 



and, in the ideal diffuser, where r|=l 


P s - Pi 



+ D ) 2 


vF , 2 




Equation 10 


Hence 




110 


Therefore 


It is most difficult with the present state of knowledge existing in this particular problem, to give definite values 
for the diffuser efficiency q, especially because it is not known what are the inlet conditions on which that 
efficiency depends so much. Besides the whole question of the behavior of a diffuser under pulsating 
conditions, the following points should be considered to favor the efficiency of kinetic into pressure energy. 

• Higher Reynolds number, of the order of 1 •10° 

• Very high turbulence resulting from the previous mixing process. 

• The application of boundary layer suction. 

• Smoothness of the surfaces. 

Against good efficiency, it can be set: 

• The limited length available. 

• The surface roughness obtaining in working conditions, especially in oil-burning engines. 

• Some unavoidable inaccuracy of the whole draughting apparatus; it is a boilersmith construction 
operating in a hostile environment. 

As a tentative figure, it is proposed to set p=0.8 up to 0.85 under favourable circumstances (short smooth 
accurate diffusers). With an area ratio of 4, the corresponding fraction of the kinetic energy converted is 
0.80( 1-1/4 2 ) « 0.75, which is very high. 




Appendix A2 The Kvlpor ejector 


The Kylpor differentiates from the Lempor by the fact that it makes use of the Kylala four lobe mixing device 
and therefore resembling the Kylchap of the type 1K/1T. Both types are thermodynamically equivalent except 
that the Kylpor has greater friction in the mixing chamber, this leading to the written preferences for the 
Lempor in recent designs. Nevertheless, the design is worthy of application in the case of a double concentric 
tuyere. In this design, the inner smaller tuyere is connected to the cylinder during the release phase, while both- 
the inner and the larger- gives an extra area during the exhaust phase. This larger area determines a very low 
back pressure on the exhaust line and the explanation is to be sought in the fact that actually most of the work is 
done by the puffing steam through a very small tuyere and thereby extracting a good deal of work of the 
incomplete expansion toe of the indicator diagram. 

It can be shown that the upper mixing chamber of the Kylpor must be cylindrical while the bottom gas section 
and the tuyere must be equal to that of the tip of the Kylala petticoat. This is to comply with the requirement 
F,=F b . 

Unlike former designs, there is no interest in having a uniform distribution of velocities at the Kylala exit and 
therefore this element should be as short as possible to reduce the unavoidable friction. 


Appendix A3 Complementary notes 

For usual locomotive practice 
v « v b * V| « 1.9 m 3 kg' 1 

L/D a 2 ; F,/F a 7; Ft/F a 7; W/W b a 3.5; W,/W « 0.43; W/W b « 1.5 

(Dynamic pressure at throat)/(dynamic pressure at bell mouth(gas)) a 2.25 

(Dynamic pressure at throat )/(dynamic pressure at blast pipe) a 0.185 

Recovery in diffuser = 75% of dynamic pressure at throat 

d[/df a 2.65 (df = equivalent diameter of the 4 nozzles) 

df/d[ ~ 0.38 ; (F 0 +F)/F ~ 8; db/dj a 1.07 (d b = diameter of the bell mouth) 

df/d b * 0.35; db/d f « 2.8; 

(Height of mixing chamber/diameter of mixing chamber) a 2.5 

(Chimney outlet diameter)/(Throat diameter) a 2; Diffuser included angle <12° 

(Draught at tuyere plane )/(smokebox draught) « 1 .4 

Specific heat of steam a 0.47 cal kg' 1 K' 1 ; Specific heat of gas a 0.27 cal kg' 1 K' 1 ; Specific heat of steam/gas 
mixture a 0.34 cal kg' 1 K' 1 

Steam-gas mixture temperature = 0.5(steam temp. + gas temp.) 



Appendix A4 Specific volume of steam, gas and steam-gas mixture 


The steam specific volume is defined by engine performance. The latter can either be measured or, in the 
Mollier, the steam evolution in the cylinder represented starting from steam chest steam conditions and drawing 
the enthalpy drop line. Due allowance should be taken for the internal thermodynamic efficiency obtaining in 
the cylinder. The latter should be taken as 0.8 for modem single expansion engines and 0.88 for compounds as 
an average figure at high powers. Should compressibility be accounted for, the pressure at the tuyere can be 
obtained deducting some 1 .4 smokebox draught from the atmospheric pressure. This correction may reach 10% 
and due account should be taken of the adiabatic temperature drop. 

The gas specific volume v 0 at STP (0°C, 760 mm Hg) is obtained by calculation of the performance of the 
boiler, better if actually measured in controlled road or plant tests. If compressibility effects are accounted for, 
the same corrections as for steam are applied. 

The specific volume of the gas mixture Vi can be obtained by a weighted average of both the specific volume of 
steam v and gas v b . An additional correction is that due to the temperature increase obtaining because of 
friction and shock losses in the mixing chamber. These losses are: 

\ D(W - W,) 2 + \ L(W, - W b ) 2 + ] 2 (D + L)W,^ [kg m 2 s' 3 ] 

£,= 0. 1 ; and are to be reported to unit mass of mixture. This gives a temperature increase from which a 
corrected value of Vj can be obtained. 
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Measurements of entrainment by axisymmetrical 
turbulent jets 

By F. P. RICOUt and D. B. SPALDING 
Mechanical Engineering Department, Im|>orinl College of Scionue 
tint! Technology, London, S.W. 7 


(UeconWil 23 November I960) 

A now technique is described for measuring the axial mass How rate in the 
turbulent jet formed when a gas is injected into a reservoir of stagnant air at 
uniform pressure. The jet is surrounded by a porous-walled cylindrical chamber, 
and air is injected through the wall until the pressure in the chamber is uniform 
and atmospheric, a condition which is taken to signify that the ‘entrainment 
appetite’ of the jet is satisfied. 

Measurements made with the apparatus have allowed the deduction of an 
entrainment law relating mass How rale, jet momentum, axial distance and air 
density, regardless of the density of the injected gas, and including the effects 
of buoyancy. When the injected gas burns in the jet the entrainment rate is up 
to 30 % lower than when it does not. 


1. Introduction The problem 

Several accounts arc available (c.g. Schlichting 1955; 1’ai 1954) of the turbulent 
jet which results from the injection of a fluid tlirough a nozzle into a large 
reservoir in which a second fluid is at rest. In the present paper, attention is con- 
centrated on one property of the jet: the mass flow rate across a section at right 
angles to the jet axis. This quantity will he denoted by the symbol m; it may he 
related to the fluid velocity u in the axial direction, the fluid density' p, and the 
radial distance y by 

m = 2iipi*ydy, (1) 

Jo 


where the over bar denotes a time-mean. 

The mass flow rate m is known to increase with distance x from the nozzle. 
As a consequence, fluid from the surrounding reservoir is drawn radially 7 inwards 
towards the jet across its conical surface; this process is known as entrainment. 
JDnlrainment is also important in many more practical situations; for example, 
it controls the flow patterns in combustion chambers and furnaces; it causes 
'firestorms’ around large conflagrations; and many 7 mixing devices of the 
chemical industry rely 7 on entrainment for their effectiveness. Jf such processes 
are to be understood and controlled, the quantitative Jaws which govern the 
rate of entrainment, i.e. the quantity dmjdx. must be discovered. 


Dimensional analysis may be employed to show that, when the fluid density 
is uniform, when the Reynolds number is high and when the distance x is much 
larger than the diameter of the orifice, m is proportional to x. More precisely, 
it may be demonstrated that 

Vl jr 

= i2) 


where M stands for the excess momentum flux of the jet, p x is the density of the 
surrounding fluid.t and K x is a numerical constant. Consideration of Newton’s 
Second Law of Motion shows that, since the static pressure of the flow is uniform, 
ftl must have a value which is independent of x; it is most easily evaluated at the 
orifice, where the fluid has the uniform velocity u 0 . from 


M = Af 0 e Indlp^v*. (3) 

Here d 0 is the orifice diameter and p 0 the density of the injected fluid. 

The numerical magnitude of K x can only he determined, in the present state 
of turbulence theory, by experimental means. Similarly, only experiment can 
show how equation (2) must be modified when the jet density is rendered non- 
uniform by 7 a chemical reaction in the jet, or by the existence of a difference of 
value between p 0 and the density of the surrounding fluid, p,. 


Previous work 

Numerous measurements have been made of the axial-velocity profiles, u(y), 
in isothermal air jets (see, for example, the bibliography compiled by Krzy- 
woblocki 1950). These data may be inserted in equation (1), from which the mass 
flow rate m can then be evaluated by 7 numerical quadrature; this has been done 
by 7 Grimmctt (1948), Polomik (1948) and Voorheis & Howe (1939). 

Many authors have avoided the numerical quadrature by assuming that the 
u(y) profile has one of the forms which permit analytical integration; the velocity 
and radius scales appropriate to a given section are then determined from, say, 
the measured velocity 7 on the axis, and the radius at which the measured velocity 
has half this value. The resulting values for m then depend to some extent on the 
profile-shape assumed. 

Values for K x obtained in this way for isothermal air jets range from about 
0-22 u]) to 0-404, according to the investigator. The highest value, due to Schlicht- 
ing (1955), is obtained by fitting to the experimental data of Reichardt (1942) 
a particularly full-skirted ‘theoretical’ curve. 

The reasons for the present uncertainty about the value of J( x are of several 
kinds. They include the following: 


t Now nt the I.obnnttoirf-s <le M&nniquo ties Flunks*. University tic Urcnohlc. 

t iho subscripts Hi /• in equations (2) and (3) are not needed in the present discussion, 
liidi presumes tlint f > is uniform throughout , they are nevertheless inserted for use later 
i t lie paper. 


(i) It is difficult to measure (nt at large values of y where the velocities Are 
small and the flow may 7 be intermittent; the presence of y as a multiplier of « in 
equation (I ) augments the influence of inaccuracies in this region. 

(ii) 'fhe above difficulty' is avoided if an analytical form is chosen for the 
velocity profile. This choice, on the other hand, entails uncertainty as to what is 
the ‘best’ profile. Small differences in profile height at large y can greatly affect 
the value of m which is deduced. 

(iii) Whichever of the above procedures is used, it is desirable that x should 
he many times greater than cl 0 . Since the dynamic head at a Pitot tube in the jet 
is proportional to ( djx )*, limitations on manometer sensitivity make it difficult 
to work at axial distances much greater than five times the length of the potential 
core. 

Outline of the. present contribution 

The above remarks show that a new method of measuring nt is required, even 
for uniform-density flows. When jets with non-uniform density are to be studied, 
the case for a new method is stronger still; for a recourse to equation (1) would 
now necessitate measurement of a density profile as well as one of velocity, and 
would raise questions as to the relation of pu to the measured p and pu l . 

The present paper reports a new experimental method which is not open to 
the objections mentioned above: m is measured more directly and simply; no 
integration is required. This technique is described in §2 below. 

The results of the study are presented in § 3 and figures 4, 5 and 7. Summarized 
briefly, they are: that A', is equal to 0-282; that equation (2) holds for non- 
uniform density without modification provided that buoyancy effects arc 
negligible; and that the presence of combustion reduces K ,. The role of buoyancy 
is not so easily summarized; it is discussed in §4. 


2. Apparatus 


The principle of the method 


In the ideal free jet which is under consideration, the surrounding reservoir is 
large and, except in the vicinity of the jet axis, at uniform pressure; the entrained 
fluid flows radially inward towards the jet axis. If, however, a turbulent jet is 
partially enclosed by cylindrical walls, the radial inflow is impeded; the fluid 
entrained by the enclosed part of the jet has to flow axially in the annular space 
between the cylindrical wall and the conical ‘boundary’ of jet; the corresponding 
axial pressure gradients can be measured. 

Now let us suppose that the cylindrical wall is made porous, and that a con- 
trolled and measured amount of fluid can be caused to flow through it in a radially 
inward direction. Then, if this flow is equal in quantity to that which irouhl have 
passed through the area occupied by the wall if the wall had been absent, the 
axial pressure gradients referred to in the last paragraph will disappear. 

This recognition underlies the experimental method which lias been used: 
the flow rate through the porous wall is varied until no axial pressure gradient? 
can be detected; this flow rate is then measured and presumed to be equal to 
that which would be entrained if the jet were unenclosed. 


Details of the ajiparalus 

Figure l shows the porous- walled chambers which were used. The axis of the 
jet is coincident with the axis of the cylindrical porous wall. The base of the 
cylinder was completely closed, apart from the orifice from which the jet origin- 
ated, and the upper end of the resulting chamber was partially closed; these 
measures had the effect of augmenting the axial pressure gradients which pre- 
vailed when the flow tlirough the porous wall was not ‘right’, while in no way 
interfering with the radially inward flow to the jet when it was entraining under 
free-jet conditions. 

The porous cylinders were built up of fine-grade filter cloth on a rigid frame- 
work. A Roots-type blower was used to supply the entrainable air; this permitted 
the use of an appreciable pressure drop (up to 5 in. of water) across the porous 
cylinder and helped to ensure uniformity of inflow. Calibrated orifice plates were 




Figure 1. {«) Trending dimensions of three chambers. 

(6) Dimensions of extension to no. 2 chamber. 

Entrainment chamber 

No. 1 2 3 

/fin. 8-7 13 3 

I) in. 5 8 8-8 8-9 

used to measure the rate of supply of this air. The orifices used were of rounded 
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profile, designed according to B.S. 1042. Their diameters (d 9 ) ranged from 
0-0625 in. to 1*25 in. The corresponding range of dimensionless axial distances 
(.r/fi 0 ) over which measurements could be made was from 418 to 2-4. 

The axial pressure difference which was measured was that across the outlet 
aperture; since the pressure variations within the chain her were small, this 
difference can be thought of as that between the pressure in the chamber and 
the pressure of the atmosphere. The microinanometer used was of the direct - 
reading type developed by Spalding (1950). 


Preliminary tests : the choice of apert ure size 
The size of the aperture in the mask at the upper end of the ‘entrainment 
chamber’ had to be chosen with care. On the one hand, it was desired that the 
hole should be small, since this led to an easily detected pressure difference, when 
the flow through the porous wall was not properly matched to the free- jet require- 
ments; however, if the hole were made too small, the mask would interfere 
with the axial How in the jet itself. 



Figure 2. Variation of chamber pressure with flow rate through porous wall, lor various 
ajxjrtures. Nozzle, 0-5 in. diameter; x{d 0 = 25-G ; w t = 1 J2 ffc./sec. (No. 2 chamber.) 

Figure 2 shows the results of preliminary tests leading to the choice of aperture 
size, the latter being expressed in terms of the angle 0 subtended by a diameter 
of the aperture at the centre of the base of the chamber. The ordinate is the 
excess pressure in the chamber; the abscissa is the ratio of the mass of air flowing 
tlirough the porous wall. m v to the mass of gas (air) injected through the orifice, 
m 0 ; iHq, and the orifice diameter, d Q , have the same values throughout; each curve 
is drawn for a different value of aperture angle 0. 

Inspection of figure 2 confirms that the smaller 0 is the more steeply the 
excess pressure varies with variations of m 1 : it also confirms that the aperture 
size influences the value of mj/w 0 which gives zero excess pressure, if 0 is too small. 
The latter influence is slight if 0 is 30° or more; thus figure 2 shows that the value 
of m t /m 0 corresponding to free-jet conditions for the situation in question can be 
taken as 7-0. These tests led to the choice of 30° for the aperture angle in all the 
tests reported below. 

Preliminary tests: the effect of the Reynolds number 
Tests were carried out, using air as the injected fluid, to establish the value of 
the Reynolds number above which equation (2) was valid. Some of the data 
are recorded in figure 3 in the form of plots of versus the Reynolds number. 

The latter quantity is defined by 

li = (4) 

where /< 0 is the viscosity of the injected gas. From now onwards, m l will be used 
as signifying that value of the air flow rate tlirough the porous wall which causes 



Reynolds number x 1 0 4 

Figure 3. Variation of entrainment rate with the Reynolds number, (o) No. 2 chamber. 
Nozzle, 0-5 in. diameter: xj<t a = 25 6. (t») No. 1 chamber. Nozzle. 0-625 in. diameter; 
*/</„= 1 3 - 7 . 


axial pressure gradients to disappear; «, is therefore connected with m, the mass 
flow rate in a free jet of length equal to the length of t he entrainment chamber, b v 


= w, + m 0 . 


(ft) 


The tests of figure 3 were carried out by varying the injection flow rate, and 
so the Reynolds number, and then measuring the corresponding m t . Evidently, 
the ratio m,/m 9 was approximately constant for Reynolds numbers in excess 
of 2-5 x 10 4 . All test data appearing in the remainder of the paper can be taken 
as pertaining to Reynolds numbers greater than this value, except for those 
in which the injected fluid is hydrogen. 

3. Experimental results 

Air into air: isothermal 

Experiments were marie with various combinations of chamber length x ami 
nozzle diameter d 0 , when the injected gas was air at the same temperature as 
the air supplied tlirough the porous wall. The results are represented by t he points 
in figure 4 clustered near the straight line marked (a); this line may be represented 
by the formula _ 

- = 0-32^. («) 

m n d n 



xjd 0 

Figure 4. Variation of entrainment rate with axial distance for isothermal jet*. Kxperi- 
mental results: (a) •, air into air; (5) -f , propane and car!>on dioxide into air; 
(r) O. hydrogen into air; ( entrainment chamber inverted). 


Heavy gas into air: isothermal 

Corresponding measurements were made when the injected fluid was carbon 
dioxide or propane, two gases with equal densities, the temperatures being equal 
to that of the air supplied tlirough the porous cylinder. The results arc shown in 
figure 4 as a series of points clustered near the straight line marked (6): this line 
can be represented by the formula 


Although flammable, the propane was not ignited in the experiments referred 
to here. 

Light gas into air: isothermal 

Figure 4 also contains results obtained by similar experiments in which hydrogen 
was the injected gas; the hydrogen jet was not ignited. The results are represented 
by the points near the straight line (c), the formula for which is 


m 




(*) 


Since buoyancy was thought to affect the hydrogen jets, some experiments were 
carried out with the entrainment cliamber inverted; it is seen that this inversion 
had an effect. 

The high viscosity of hydrogen, and other limitations, prevented the per- 
formance of tests at Reynolds numbers in excess of 17,500. 


F ice Is into gas: combustion 

Measurements were also made of the entrainment rate which prevailed when 
the fuel gases in the jet (propane and hydrogen) were ignited; in some cases 
both air and fuel were injected tlirough the orifice simultaneously. The results 
of these tests, which showed a considerable effect of buoyancy, will be introduced 
in figure 7 below. 


4. Discussion of results 

Jets of uniform density 

The equations (6), (7) and (8) may be cast in the form of equation (2) by introduc- 
tion of equation (3) for the excess momentum flux and of a corresponding equation 
for the injected mass flux, m 0 , namely 


m v - \nd*p 0 u a . 

Equations (6), (7) and (8) then lead respectively to 

(II) 

J- r °.32 ( ,n,>- 0-283. 

(10) 

iWpi = °' 2G(i " )l <**>* = °' 284 - 

(11) 

Jh - '•*«">* (A*- 0 - 279 - 

(13) 


wherein (ff-) and ( 2 ^) represent the density ratio p Q }p l for the respective cases 
of propane or carbon dioxide, and hydrogen. 

Comparison of equations (10), (11) and ( 1 2) leads to the conclusion that equu- 



tion (2) is valid, within the experimental error, for all the experimental results 
cited so far, if K l is given the value 0-282. 

The same conclusion can be expressed differently by noting that all the data 
can be held to obey the relation 



(13) 


This is illustrated by figure 5, which contains the data of figure 4 rcplotted in 
the manner indicated by equation (13). 


The effeci of buoyancy, theory 

When the density of the fluid in the jet differs from that of the surrounding air, 
hydrostatic forces cause the excess momentum flux to increase with x (assuming 
that the jet fluid is the lighter and that the flow direction is upward). Con- 
sequently equation (2) no longer correctly expresses the variation of m with x. 

Dimensional analysis indicates that, when x becomes very large, m is pro- 
portional to a;4 (Batchelor 1954); for this to hold, however, the excess momentum 
flux of the jet, M , must greatly exceed the value of M 0 defined by equation (3). 
IIow should m vary with x when M and M 0 are of the same order? 

A tentative answer to tliis question may be obtained by supposing that the 
local rate of entrainment is uniquely related to the local excess momentum flux 
in accordance with the differential equation 



Figoke 5. Entrainment rate for isothermal jets. Experimental results: («) • , air into air ; 
(b) + , propane and carbon dioxide into air; (c), O, hydrogen into air; (A, entrainment 
chamber inverted). 


An assumption of this character 1ms been made by Morton, Taylor & Turner 
(19 o 6), and other authors, in connexion with the rise of turbulent plumes in the 
atmosphere. 

In an unpublished study, one of the present authors has investigated the 
implications of equation (14), when combined with the assumptions: (i) that the 
velocity and temperature profiles are Gaussian, (ii) that the ratio of the widths 
of the temperature and velocity profiles is equal to 1-17 for all x, (iii) that chemical 
reaction is confined to regions of the jet which are much closer to the orifice than 
is the section x. The results of this study are represented by the curve of figure G; 
the ordinate and abscissa quantities of this graph are self-explanatory apart 
from the Fronde number, F, which is defined by: 

in the absence of chemical reaction. 

p C I^l **0 / Py\ ~ (iri 

“<*o-WoW 


or, when chemical reaction occurs, 

F = ''' T < 'A /''•)* 

Here the symbols signify: 

c specific heat of gas at constant pressure, 
T absolute temperature of air, 
h enthalpy, 

g gravitational acceleration, 

m /u mass fraction of fuel in injected gas, 

H licat of combustion of fuel. 


(16) 


and subscripts 0 and 1 refer, as before, to the injected fluid and to the sur- 
rounding air respectively. 



Comparison u'itk previous work 

It has already been stated that, in the absence of buoyancy, A', lias been found by 
previous authors to lie between 0-22 anti 0-404; the value obtained from the 
present work, viz. 0-282, can therefore be said to lie near the middle of the range 
of earlier values. The ease with which the measurements were made, in the present 



Figure 7. Entrainment by buoyant jetfl and flames. + , Unburnt propane jet; Q, iin- 
burnt hydrogen jet; O. pre-mixetl air-hydrogen flame; A. hydrogen diffusion flaino; 
• , propane diffusion flame. 

investigation, together with the straightforwardness of t heir interpretation, leads 
us to believe that the present value of K 1 is the most reliable established so far. 

The finding that equation (2) holds, in the absence of buoyancy effects, for jets 
of non-uniform density was expected; it accords with the surmise of Squire &. 
Trouncer (1944), and with the suggestion of Timing & Newby (1953), that the 
characteristic length of a turbulent, jet is not d 0 but d^pjp^-. 

Other authors who have presented experimental data for the natural convec- 
tion regime include Yih (1951 ), and Clceves & Boelter (1947); the data of these 
authors are represented on figure 7 by broken straight lines which have been 
plotted by ignoring experimental scatter and assuming Gaussian velocity and 
temperature profiles. 

The data of Yih agree fairly well with the present hydrogen diffusion-flame 
data; both sets lie appreciably above the theoretical curve, indicating that the 
entrainment rate is greater in a buoyant jet than a non- buoyant one of tlio saino 
excess momentum. The data of Cleeves <fc Boelter show the same tendency to an 
even more marked degree; they are, however, probably the least reliable of the 
data on figure 7, being appreciably influenced by potential- core effects. 


The effect of buoyancy : experiment 

Figure 7 presents the data of figure 4 (upward flow only) together with the results 
of measurements made witli burning jets. Also drawn for comparison is the curve 
of figure G. The following features are evident. 

(i) The data points lie close to the curve in the forced-convection regime; 
this, of course, is to be expected from figure o, for example. 

(ii) The influence of increasing buoyancy predicted by the theoretical curve, 
viz. an increased slope in the upper right corner, is exhibited by the experimental 
data. It is chiefly the hydrogen diffusion-flame data which are in question here. 

(iii) Some of the data points, particularly those for pre-mixed hydrogen-air 
jets, lie well below both the curve and its forced-convection asymptote. 

(iv) The scatter is considerable. 


5. Conclusions 

(а) The new experimental technique for measuring the rate of entrainment by 
a turbulent jet was found to be easy to use, and to be applicable to jets of non- 
uniform density and to larger values of x jd 0 than had previously been in- 
vestigated. 

(б) The constant K x of equation (2) was found to have the value 0-282, irrespec- 
tive of the density ratio. 

(c) The curve of figure 6, based on the entrainment assumption expressed by 
equation (14), represents approximately the influence of buoyancy on the entrain- 
ment. However, it must be noted that: (i) there is a tendency for the curve to 
predict too low an entrainment rate in the natural-convection regime; (ii) the 
curve predicts too high an entrainment rate for some flames; (iii) the ex peri- 
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mental scatter of the results of the present and earlier work in the natural- 
convection regime precludes the drawing of firm conclusions at present. 
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A Mathematical Model for the Prediction 
of the Induced Flow in a Pulsejet Ejector 
With Experimental Verification, by W. S 
Johnson, The University of Tennessee, Knox- 
ville, Tenn., and T. Yang, Clemson University, 
Clemson, S. C., Assoc. Mems. ASME. 

This paper deals with the deter- 
mination of the induced flow in a 
pulsejet-type ejector. The momen- 
tum and continuity equations are 
solved by the method of character- 
istics and a mathematical model is 
set up to allow analytical predictions 
of performance. 

Experimental results are pre- 
sented and the resulting agreement 
between the experimental and ana- 
lytical results indicate that the model 
is valuable in predicting the induced 
flow rates involved. Parametric stud- 
ies indicate how the induced flow i s 
influenced by some of the more sig- 
nificant variables, and show that the 
characteristics of the primary J e ^ 
are of major significance. 
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Application of Exhaust Gas Ejector to Engine Cooling* 

By Fujio Nagao**, Yuzuru Shimamqto*** Mitsuo SniKATAt, 
and Hiroyuki ToyofukuH 

Although exhaust gas ejectors have been little utilized in engines, their application is worthy 
of consideration because of their basic simplicity. An application for engine cooling has been 
investigated using a four-stroke cycle Diesel engine and an air model. Following results are 
obtained : 

( 1 ) The cooling air for an engine may be supplied only from the ejector which is well 

designed. Fuel consumption can be decreased by using the ejector together with a fan for engine 

cooling. 

( 2 ) Flow rate of air induced into the ejector becomes larger with an increase in engine load. 
However, flow rate per unit horse power becomes smaller. 

( 3 ) Flow rate of secondary fluid for the ejector, whose driving fluid is intermittently sup- 
plied, is much larger than that for the ejector of steady state, because the inertia effect of fluid 

in the ejector is a useful factor to draw the secondary fluid. 


1. Introduction 

As one of the methods to utilize the exhaust 
gas energy of internal combustion engines, it has 
been taken into consideration to apply an exhaust 
gas ejector for engine cooling and others 01 Since 
the necessary power for driving the fan of a small 
air-cooled engine is not small, the use of the ejector, 
in which the exhaust gas energy is employed as the 
activating force, instead of the fan may increase the 
engine output and then reduce considerably the fuel 
consumption. The ejector ensures reliability, be- 
cause its structure is basically simple and has no 
moving part. Further, one of the advantages claim- 
ed for the ejector is that the flow rate of air in- 
duced into the ejector becomes larger with an in- 
crease in engine load, bringing the better cooling 
effect on the engine. However, the ejector has 
defective points in suction cooling system, and more- 
over there are many problems which must be solved, 
for instance, the exhaust noise, etc. 

In this paper, fitting the exhaust pipe end of a 
four-stroke cycle Diesel engine with an ejector, the 
relation between the dimensions of ejector and the 
flow rate of induced air has been experimentally 
* Recieved 21 st June, 1968. 
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investigated. Further, since it is not easy to measure 
accurately the rapidly changing temperature of ex- 
haust gas, an air model has been used to compare 
the performance of the ejector, whose driving fluid 
is intermittently supplied, with that of the ejector 
of steady state. Through theoretical analysis and 
experiment, the reason why the performance of the 
ejector of pulsative state is different from that of 
steady state has been made clear. 

2. Experiment with an engine 

2*1 Test procedure 

The schema of apparatus is shown in Fig. 1. 
The four-stroke cycle engine used is a Yanmar A 2 
air-cooled Diesel engine (cylinder bore x stroke = 60 
mm x 66 mm, normal output 2 PS/2 600 rpm) which 


Pressure transducer o) 



Fig. 1 Schema of experimental apparatus (engine test) 


is coupled with an electric dynamometer. An ejector 
is fitted to the end of the exhaust pipe, the inner 
diameter of which is 27.4 mm. The length of ex- 
haust pipe, which is represented by the distance 
between the pipe end and the exhaust valve, is 150 
mm. The details of ejector are shown in Fig. 2. 
The dimensions of ejectors have been decided on 
referring to the data concerning the ejectors of steady 
state w,-,w . Various area ratio of the mixing pipe 
to the nozzle m can be taken for the experiment by 
changing the combination of the nozzle and the 
mixing pipe shown in Table 1. The inlet diameter 
of mixing chamber is 40.8 mm. The exhaust gas 
is discharged from the ejector into the exhaust cham- 
ber of large volume through the pipe, which is 
500 mm long and has the same diameter as that of 
the diffuser outlet. 

As shown in Fig. 1, the flow rate of air induc- 
ed into the engine and the secondary flow rate of 
ejector are measured with a sharp edge orifice re- 
spectively. Rectangular surge tanks of large volume 
are used to avoid the influence of pressure pulsation 
on the orifices. Three faces of the tanks are made 
of rubber membrane. The flow rate of secondary 
air is controlled with the valve placed between the 
surge tank D and the orifice. 

The dynamic energy of exhaust gas as the 
activating force of ejector can be calculated from the 
gas temperature and the pressure at the nozzle inlet. 
However, knowing its accurate value is not easy 
because of the difficulty of the measurement of the 
changing gas temperature. In this experiment, in 
order to measure the dynamic energy, only the 
nozzle of ejector is fitted to the exhaust pipe and 
the exhaust gas is ejected into the cage of pendulum 
type 1 *'. Using the thrust of gas measured with the 
cage, the dynamic energy E u which is equivalent 
to the energy of primary flow of the ejector, is 
given by 



Fig. 2 Exhaust gas ejector 
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Or. the other hand, the theoretical work /0 to 
induce the secondary air into the eject' -i :s defined 
as the work to cum press adiabaticaliy the secondary 
air from the mean pressure p m -, in the mixing cfiam- 
Ix'r to the atmospheric pressure p 0 . By neglecting 
the gas velocity at the diffuser outlet, we obtain 


where. 6'f : mass flow rate of secondary 
ejector 

A* : gas constant 

7~ w , : mean absolute temperature 


( 2 ) 


the mix- 


ing chamber 

t: : ratio of sjiecific heats 
Then, the efficiency of ejector 1 } is defined as 

r = %(E t (3)' 

2-2 Experimental results and considerations 
Figure 3 shows the dynamic energy of exhaust 
gas per unit weight /S|/(G,-p£). and the secondary 
flow rate of ejector which is measured by keeping 
the mean pressure in the mixing chamber constant. 
The larger engine load gives the larger dynamic 
energy, causing about an increase in the mass flow 
rate o; secondary air. However, the mass flow rate 
of secondary air per unit horse power decreases with 
an increase in the engine load, because the increase 



Engine load A', PS 
Engine speed 2 600 rpm 
Nozzle dia. 9 mm. m = 9,4 

Fig. 3 Relation between engine load and ejector perfor 


in the dynamic energy is not proportional to that in 
the load In the case of maintaining the cooling 
air on. y with an ejector instead of a fan, the secon- 
dary air of ejector is induced into the mixing chain- 
tier the passage of constant area between 

the co'-: mg fins arid the cover of engine. Therefore, 
the rises:! pressure in the mixing chamber is varied 
with t r: e change in the secondary flow rate. Figure 4 
shows the relation between the engine load and the 
secondary now rate which is obtained by keeping 
die pressure in t lie surge tank n atmospheric. Since 
the secondary flow rate per unit horse power in- 
creases with a decrease in the load, the ejector, 
which ;; designed so as to maintain an adequate 
flow rate of cooling air at the normal engine output, 
may M.pply the enough flow rate at low engine load, 
too. 

Tr.e performance of ejector at the normal engine 
output oi 2 PS is shown in Fig. 5. It is common 
to the exhaust gas ejector and the ejector of steady 
state that the mean pressure in the mixing chamber 
becomes lower with a decrease in the mass flow 
ratio o: secondary flow to primary one G 2 /G,. As 
the larger dynamic energy of exhaust gas is produc- 
ed by the smaller nozzle, the mass flow ratio at a 
constant pressure in the mixing chamber shows a 
tendency to be increased by the reduction of the 
nozzle c.ameter. There is an optimum mass how 
ratio, a: which the ejector efficiency reaches a maxi- 
mum In the case of applying the ejector for engine 
cooling, however, to increase the mass flow rate of 
secondary air is more important than to operate the 
ejector with high efficiency. 

The area ratio of the mixing pipe to the nozzle 
lias a remarkable influence upon the flow rate of 
secondary air. The results obtained by keeping the 
.pressure in the surge tank II atmospheric are shown 
in Fig. Both the maximum value of the flow 
-rate >>: secondary air and the optimum area ratio, 





at which the flow rate reaches a maximum, become 
larger with a decrease in the nozzle diameter, lie- 
cause of the increase in the exhaust gas energy. If 
the inlet of the mixing chamber is made wide enough 
to reduce the negative pressure in it, the secondary 
flow rate may become larger than that in Fig. 6. 
The secondary flow rate and the specific fuel con- 
sumption under the condition of the optimum area 
ratio have been measured for various nozzle areas. 
Figure 7 shows the results obtained. Specific fuei 
consumption has been calculated from the effective 
engine output, which is modified by adding the 
power spent to drive the fan. The dotted line in 
Fig. 7 represents the specific fuel consumption of 
the engine which is cooled only by the fan. Since 
the flow rate of air required to cool the engine is 
supposedly 0.62 ~ 1 .7 m 3 /!^ min <T1 , it may be pos- 
sible to maintain the necessary flow rate only using 




Fig. 6 Influence <>f area rail" of mixing pii»e to nozzle 

the ejector. If the ejector and the flow' jiassage of 
cooling air are designed reasonably, the fuel con- 
sumption and the effective output of engine may lx* 
improved by the use of the ejector instead of the fan. 

The pressure at the nozzle inlet and the pres- 
sure in the mixing chamber have been measured by- 
pressure transducers of strain gauge type and semi- 
conductor gauge type, respectively. Examples of 
recordings by a synchroscope are shown in Fig. 8. 
The pressure at the nozzle inlet is increased rapidly 
due to the blow down of exhaust gas, and after 
reaching a maximum, it decreases. During the dis- 
charge stroke of engine, the rise of pressure occurs 
again by the movement of piston. The pressure in 
the mixing chamber is kept positive during the early 
period of the blow down due to the occurrence of 
the reverse flow of exhaust gas, and thereafter it is 
lowered by the suction effect of ejector. After the 
exhaust valve has been closed and the pressure at 



and sj*cific fuel consumption b, 



the nozzle inlet has !»ecome atmospheric, the negative 
pressure in the mixing chamlier is maintained by the 
inertia of gas in the ejector. The secondary air 
continues to flow into the ejector, while the pressure 
in the mixing chamber is kept negative. There- 
fore, it is evident that the jxirformance of the ex- 
haust gas ejector, whose primary flow is pulsative, 
is very different from that of the ejector of steady- 
state. 

3. Experiment with an air model 

In the engine test, it is difficult to measure 
accurately the dynamic energy of the exhaust gas 
as the activating force of ejector. Therefore, an air 
model has been used to investigate the performance 
of the ejector of pulsative state in comparing it with 
the j>er forma nee of the ejector of steady state. 

3-1 Test procedure 

The schema of apparatus is shown in Fig. 9. 
The piston and the connecting rod of the engine are 
removed, and the cylinder is replaced with a cy- 
lindrical vessel of volume of 225 on*. Only the 
exhaust and inlet valves, whose owning periods are 
made a little shorter by increasing the valve 







clearances in order to avoid the valve over lap, ate 
operated by an electric motor. The compressed air 
in the cylindrical vessel, which :s supplied through 
the tank of primary air during the owning period 
of inlet valve, is discharged into the ejector through 
the exhaust pipe by opening the exhaust valve. 
Thus, the flow state similar to the blow down is 
produced in the ejector. The ejectors used are the 
same as those in the engine test. Keeping the 
pressure in the surge tank II atmospheric by con- 
trolling the valve, the mass flow rate of secondary 
air of the ejector G t has lieen measuied with the 
orifice. In order to know the flow rate of air dis- 
charged from the vessel, the pressure p c , at the 
exhaust valve ojiening and the pressure p c , at its 
closing are respectively measured with a pressure 
transducer of strain gauge type. The mass flow 
rate of primary air of the ejector 6', is given by 


0 ',= 


JLMi/i 

120 RT ci \ 



(4) 


where, n: revolving speed of model, rpm 

T c . : absolute temperature of air in the vessel 
at the exhaust valve opening 
V t : volume of the vessel 
The mass flow rate calculated from Eq. ( 4 ) has 
been calibrated in comparing it with the mass flow 
rate measured with the orifice. The difference be- 
tween two mass flow rates is within 5%. 

In the case of testing the ejector of steady state, 
the model engine in Fig. 9 is removed and an orifice 
is installed between the ejector and the tank of 
primary air. The mass flow rate of primary air 
has been controlled w’ith the valve so as to keep 
the Mach number at the nozzle outlet M, constant. 
Mach number can be calculated from the fol- 
lowing equation. 


2 I 

(Pi 


*-l 1 

k! 

“'I 


where, z,, p, : pressures at the nozzle inlet and the 
outlet, respectively. 

3-2 Experimental results and considerations 

The relation between the mass flow ratio of 
ejector and the area ratio of the mixing pipe to the 
nozzle has been investigated by changing the dia- 
meter c-f mixing pipe. The results obtained are 
shown in Fig. 10. There is an optimum area ratio 
at which the mass flow ratio becomes maximum. 
When a high pressure in the tank of primary air is 
used, the pressure at the nozzle inlet exceeds the 
critical value. The ejector with the divergent noz- 
zle. which is designed with the theoretical Mach 
number of 1.2 at the nozzle outlet, has been in- 
vestigated. Its mass flow ratios are shown with the 
dotted lines in Fig. 10. The deviation of mass flow 
ratio due to the use of the divergent nozzle is 
scarcely seen. The pressures at the nozzle inlet and 



Area ratio of mixing pipe to nozzle m 
Fig. 10 influence of area ratio of mixing pipe to nozzle 
.air model test) 


in the mixing chamber have been measured w-sth 
the same procedure as that of the engine test. An 
example of the changes of the pressures recorded is 
shown in Fig. 11. At the beginning of the blow 
tlown of primary air, the pressure in the mixing 
chamber increases, for a while, due to the reverse 
flow of primary air. Thereafter it is decreased hy 
the ejector effect, becoming negative. After the end 
of the discharge of air from the vessel, the negative 
pressure in the mixing chamber is kept by the 
inertia of air in the ejector, and accordingly the 
secondary air continues to flow into the ejector. The 
al«ove tendency of the pressure change in the mix- 
ing chamber is similar to that of the pressure change 
m Fig. 8. The dynamic energy of primary air |xt 
unit weight liecomes smaller with a decrease in tin- 
tank pressure of primary air. that is, the pressure 
at the nozzle inlet. However, the mass flow ratio 
of secondary air to primary air increases as clearly 




Area ratio of inlet of mixing 
chamber to mixing pipe 

fig. !i Influence of inlet area of mixing chamber (air 
model test) 


known from Fig. 10. Figure 12 is the mass flow 
ratio which has been obtained by changing the re- 
volving s|>eed of model engine under the condition of 
a constant tank pressure of primary air. The mass 
flow ratio increases with a decrease in the revolving 
speed. If the tank pressure or the revolving speed 
is made lower, Ijoth the mass flow rate of primary 
air and the dynamic energy per unit weight are 
decreased. In order to reduce the dynamic energy 
under the condition of a constant mass flow rate of 
primary air, the volume of exhaust pij>e is made 
large hy subjoining an exhaust tank. In this case, 
the mass flow ratio becomes smaller with an increase 
in the volume of exhaust pipe as shown in Fig. 12. 

The narrower inlet of mixing chamber brings 
about both the larger negative pressure in the mix- 



Nozzle dia. 
Fig. 11 


Crank angle deg 
m = 9.4 

*J mm, Revolving speed 1200 rpm. 
Pressure changes at nozzle inlet and in 


Crank angle deg 

IS. 5 

Tank pressure of primary air 4 ata 
mixing eba miter fair model test) 


mg chamber and the smaller flow rate of secnmlaiy 
air. Therefore, it is advisable to make the inlet of 
mixing chain tier wide in order to increase the flow 
rate. In Fig. 18 the mass flow ratio and the mean 
piessure in the mixing chamlter are shown by 




Mass flow ratio G~j f?j 

Fig. IS Performance of ejector at state of steady How 



Area ratio of mixing pipe to nozzle m 
Fig. If Influence of area ratio of mixing pipe to nozzle 
in case of ejector of steady stale 

changing the inlet area. 

The jier forma nee of the ejector of steady state 
is shown in Figs. 14 and 15. 'rite pressure in the 
mixing chamber is represented as the ratio p t fp 0 of 
the pressure in the mixing cha miter p ; to the at- 
mospheric pressure r< 0 . The mass flow ratio for each 
Mach number A/, becomes maximum at Pi/j> a = 1. 
These maximum values are Ix-low the mass flow 
ratios which are obtained in Fig. 10 for the same 
area ratio of the mixing chamlter to the nozzle as 
that in Figs. 14 and 15. Therefore it is clearly 
known that the mass flow ratio produced in the 
ejector of pulsative state is much larger than that 
in the ejector of steady state. Figure 16 shows the 
influence of the area ratio. The optimum area ratio, 
which produces a maximum mass flow ratio, Incomes 
larger with an increase in the pressure in the mix- 
ing chamber or with an increase in the air velocity 
at the nozzle outlet. 

4. Theoretical analysis of ejector 
performs nee 

Hitherto, many analytical studies on the ejector 
of steady state have Ijeen published 1 * 1 141 and 
the performance of ejector calculated theoretically 
has well agreed with the measured performance. In 
this [«i>er. the theoretical equations, with which 
the ujjeratiunal characteristics of the ejector of steady 
state can lx* estimated, lias l>een worker! out by 
taking the losses in the mixing pipe and the diffuser 
into consideiatioii. and thereafter the reason wiry 
the ejector [km formanre of pulsative stale is different 
from that of steady statt? has lx-en investigated 
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4-1 Main notations 
a : sonic velocity 

/„ : inlet area of mixing chamber 
/„ : inlet area of nozzle 

G : momentary mass flow rate in non-dimensional 
form 

m : area ratio of the mixing pipe to the nozzle 
m op , : optimum area ratio of the mixing pipe to the 
nozzle at which the mass flow ratio becomes 
maximum 
M : mach number 
p : pressure 
t : time 

T : absolute temperature 
£ : loss coefficient of the mixing pipe 
T) a : diffuser efficiency 

/u : mass flow ratio of secondary fluid to primary 
fluid 
Suffixes 

0 : atmospheric state 

1 : state at the nozzle inlet 

2 : state in the mixing chamber 

3 : state of primary fluid at the outlet of nozzle 
3' : state of secondary fluid at the inlet of mixing 
pipe 

4 : state at the diffuser outlet 
4-2 Theoretical equations 
It may be assumed in Fig. 9 that the primary 
and secondary fluids entering the mixing pipe are 
mixed completely and, after being transformed into 
a flow with a uniform velocity distribution, they go 
into the diffuser. Neglecting the heat exchange 
between the fluids and the wall of ejector, the equa- 
tions of continuity, momentum, and energy in the 
mixing pipe are given respectively by 

M t ' , ,, M x - M t 

Ps + (m — l)pj'— — = mp 4 — — (6) 

a t a A 


In this analysis, the losses in the nozzle and in 
the mixing chamber are included in the loss coef- 
ficient of mixing pipe e. 

Assuming <z,>csga t , the sonic velocity ratio of 
secondary fluid to primary one a,'/o s at the inlet of 
mixing pipe is given by 

«7=V ! ! -r < 18 > 

Solving simultaneously Eqs. (10)~(18) with 
the given values of m, £, y* aja^, and Pi/p* the 
relation between the pressure in the mixing chamber 
Pj/p,, and the mass flow ratio fi is obtained. Instead 
of Pi/P» Af, can be used as one of the parameters; 
the values of which must be given for solving the 


equations. pj/p 0 may be transformed as follows : 


Pt r . Pt Pi' P*_P*_ 

Po Pi' Pi Pi Po 

The efficiency of ejector T} is given by 

- (ft/ft) 


(19) 




• •( 20 ) 


The measured diffuser efficiency ^=0.7 is used 
for the calculations. The following experimental 
formula on the loss coefficient t has been adopted in 
order to make the calculated results agree with the 
experimental ones which are obtained in the ejector 
of steady state. 

£ = 1.026+ 0.025 Im (21) 

£=1 corresponds with the state in which no loss is 
produced in the mixing pipe. 

4-3 Results calculated on the ejector of steady 


state 

Taking * = 1.4 and o t /a, = l, the ejector per- 
formances for m=9.4 and 15.5 have been calculated 
with the digital electronic computer KDC-1 of Kyoto 
University. Dotted lines in Figs. 14 and 15 are the 
results obtained. Although the results calculated for 
the values of the Mach number over 0.8 are 
apart from those measured, it may be possible to 


+ + (7) 

+ + ( 8 ) 


Mass flow ratio fj can be written as follows : 

:: c9 > 

Eliminatig a,, M Z ’ and M, from Eqs. (6) — (9) and considering that the pressure ratio Pj/p 4 is positive, 
we obtain 

Pi _ e v /*K5^(*-l){(2e-l)*+l}>l-{(c-l)*+l)(B 

p 4 *(*— eM) v j 

<“> 


B=~ 


1+ *Af ,*+(»* -1)— 

L Pt 


=1 


•■(13) 


(i2) 

In the case of the inlet pressure of nozzle below 
the critical value, the outlet pressure of nozzle p, is 
equal to the inlet pressure of mixing pipe py. Then, 

Ps . 

Pi' ' 

When the inlet pressure of nozzle is over the 
critical value, the outlet pressure of nozzle p, is 
higher than the inlet pressure of mixing pipe jy. 
Using the imaginary Mach number M u which is 
obtained by expanding adiabatically the primary fluid 
from Pt to p^, the pressure ratio p,/p,» is given as 
follows : 






(14) 


If the diffuser efficiency t] d is given, the ratio 
of the pressure at the diffuser inlet to that at the 
outlet p 4 /p 0 can be calculated by the following 
equation ll0> . 

(t) 

Eliminating a A , M and A/ 4 from the above 
equation and Eqs. (6) — (8), we obtain 

J>< (.,«-! TU lJh R Ml-'-" .... 

^=1 1+ — < 15 > 

Under the assumption that the change of state 
is adiabatic and the fluid velocity in the mixing 
chamber is negligible, the relation between the pres- 
sure in the mixing chamber p 2 and the inlet pressure 
of mixing pipe p,» is given by 

The following equation concerning the inlet 
pressure of nozzle p, is given under the assumption 
of the adiabatic change of state. 

Pi . 


estimate the ejector performance through this ana- 
lytical treatment. 

The relationships of the mass flow ratio to the 
area ratio of the mixing pipe to the nozzle m 
under the condition of a constant pressure in the 
mixing chamber are plotted in Fig. 16. The opti- 
mum area ratio, at which the mass flow ratio be- 
comes maximum, increases with an increase in the 
Mach number M t at the nozzle outlet, that is, the 
inlet pressure of nozzle Pi/p 0 , or with an increase in 
the pressure in the mixing chamber p./Po- Both 
the optimum area ratio and the maximum mass 
flow ratio (Ct/G,) m „ given at this optimum area 
ratio have been calculated for various values of Pi/p 0 
and Pt/Pt as shown in Fig. 17. Although the opti- 
mum area ratio for the steady state is not related 
closely with that for the pulsative state, Fig. 17 
may be utilized for the optimum design of the 
ejector of pulsative state. 

4-4 Consideration on the ejector of pulsative 
state 

About the ejector of pulsative state, both the 
pressure in the mixing chamber pj and the momen- 
tary mass flow rates of primary and secondary fluids 
at the moment of the inlet pressure of nozzle p, can 
be calculated under the assumption that the relations 
of steady flow are approximately applicable to the 
momentary state in the ejector. The momentary 
mass flow rate of primary fluid at the inlet pressure 
of nozzle p, is non-dimensionally represented by 


+ 

=h / 2 IJr, r>>' p, a. 

Po ' * — 1 l\Po Pi Pi' Pi/ I o, 

( 22 ) 

The momentary mass flow rate of secondary 
fluid in the non-dimensional form is 

C,=/<5, 


On the other hand, since the mass flow rate of 
secondary fluid is equal to the mass flow rate at the 
inlet of mixing chamber, we obtain 


(24) 


Solving simultaneously Eqs. (10) — (19), (22) 
and (23), the relation between the pressure in the 
mixing chamber p,/p 0 and the momentary mass flow 
rate of secondary fluid C 2 is obtained for the given 
values of m, TJ d , £, a t /a x , and p,/p*. Therefore, the 
state in the ejector at the inlet pressure of nozzle 
p,/p 0 is decided by finding out the combination of 
Pi/p„ and which satisfies Eq. (24). 


Table 2 Comparison of mass flow ratios 


1 

Air model test ; 

[ Engine test 

Area ratio of mixing pipe 
to nozzle m 

9.4 

IS.S 

10.5 

15.5 

Maas 

Measured Gt/G\ 

3.45 

4.55 

7.00 

9.08 

flow 

Calculated (G»/<7i)*i 

2.34 

2.69 

3.23 

; 3.95 

ratio 

Calculated (i Gt/GO * 

3.45 

4.61 

6.46 

8.41 


Air model test. Tank presaure of primary air 4ata, Revol- 
ving speed 1 200 rpm. Nozzle dia. 9 mm. 
Engine test: Load 2 PS. Engine speed 2 600 rpm 

Nozzle dia. li mm (m— 10.5), 9 mm («-J5.5) 



Maximum mass flow ratio (Gt/G>) mt , 
Fig. 17 Optimum area ratio of mixing pipe to nozzle for 
ejector of steady state (calculation) 


Integrating the momentary mass flow rate of 
primary fluid and that of secondary fluid during one 
cycle of the state change, respectively, the mass 
flow ratio of ejector (C*/G,) e , is given as follows : 



Using the pressure change at the nozzle inlet 
shown in Figs. 11 and 8, the mass flow ratio (C 2 /C,),, 
in Table 2 and the change of the pressure in the 
mixing chamber pj/p 0 in Figs. 18 and 19 are obtain- 
ed, respectively. In the air model test, a t /a l = 1 is 
assumed and in the engine test, a z /a t is calculated 
with both the air temperature in the surge tank n 
and the mean gas temperature at the nozzle inlet, 
which has been measured with a thermocouple. On 
the other hand, the mean mass flow rates of prima- 
ry and secondary fluids can be calculated with the 
change of the inlet pressure of nozzle p,/p 0 under the 
assumption of Pi'/p 0 — 1 and from Eq. (24) with the 
change of the pressure in the mixing chamber p 2 /p 0 , 
respectively. The mass flow ratio (G 2 /G,) tt in 
Table 2 is represented by the ratio of the mean 
mass flow rates calculated with this procedure. 

In Figs. 18 and 19, the calculated pressure in 
the mixing chamber pj/p 0 is kept below 1, during 
the time that the primary fluid is flowing in the 



Pi Po 


( 17 ) 


(23) 


Crank angle deg 
Fig. 18 Pressure change in mixing chamber 





ejector and the state of Pi/Po>I continues. It 
shows no rise at the early stage of the ejection of 
primary fluid. The higher pressure at the nozzle 
inlet produces the lower pressure in the mixing 
chamber due to the increase in the momentary mass 
flow rate of secondary fluid. The measured pres- 
sure in the mixing chamber p*/p 0 increases during 
the early stage of the ejection period of primary fluid 
due to the occurrence of reverse flow, and thereafter 
it is lowered below 1. After the end of ejection, 
the state of pj/p 8 <l is maintained by the inertia 
effect of fluid in the ejector. Therefore, the differ- 
ence between the measured and calculated pressures 
in the mixing chamber seems to be closely related 
with the reason why the ejector performance of 
pulsative state differs from that of steady state. 
Comparing (Gj/G,) rt in Table 2 with (G t /G,) cl , it 
is understood that, owing to the inertia effect, the 
mass flow ratio produced in the ejector of pulsative 
state becomes much larger than that in the steady 
state. The inertia effect of ejector is seriously 
influenced by the length and diameter of mixing 
pipe, the area ratio of the mixing pipe to the nozzle, 
etc. If the mixing pipe and the diffuser are design- 
ed so as to be suitable to the pulsative flow, it 
may be possible to produce the mass flow ratio 
larger than that obtained in this experiment. 

5. Conclusions 

For the purpose of applying the exhaust gas 
ejector for engine cooling, the ejector performance 
has been investigated with the uses of a four-stroke 
cycle engine and an air model. The results obtain- 
ed are summarized as follows : 

( I ) Cooling air for an engine may be supplied 
only from the exhaust gas ejector, if the ejector 
and the flow passage of cooling system are well 
designed. By using the ejector together with a fan 
for engine cooling, it is possible to improve the 
specific fuel consumption and to increase the effective 
engine output. In these cases, however, since the 
negative pressure of secondary flow produced by the 
exhaust gas ejector is small, it is important to 
reduce the flow resistance of the silencer, which is 


connected to the ejector. 

(2) The flow rate of air induced into the 
ejector becomes larger with an increase in the engine 
load. However, the flow rate per unit horse power 
becomes smaller. 

(3) The optimum area ratio of the mixing 
pipe to the nozzle and the maximum flow rate of 
induced air, given at this optimum area ratio, in- 
crease with a decrease in the nozzle diameter of 
ejector. Therefore, it is advisable to reduce the 
nozzle area in so far as the specific fuel consump- 
tion is not increased. 

(4) Through the air model test, it is under- 
stood that the mass flow ratio of exhaust gas ejector 
becomes smaller with increases in both the cylinder 
pressure at the beginning of blow down and the 
revolving speed of model, but larger with a decrease 
in the volume of exhaust pipe. 

(5) The mass flow ratio of the ejector, whose 
primary fluid is intermittently supplied, is much 
larger than that of the steady state, because the 
inertia of fluid in the ejector acts as an effective 
factor to draw the secondary fluid. 

In closing, the authors wish to thank Messrs. 
K. Wada, T. Ishihashi, and S. Matsushima for their 
cooperations in the experiment. 
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EXPERIMENTAL STUDIES ON A LOW PRESSURE 
EJECTOR WITH A PULSATING FLUID SUPPLY 

S. PURUSHOTHAMA RAO* AND DR C. P. GUPTA** 


Abstract 

Experiments were conducted on an ejector assembly 
having a pulsating primary fluid supply. A four stroke, 
twin cylinder, air cooled diesel engine was employed to 
supply the primary fluid to the ejector. A draft tube 
type ejector formed by a convergent nozzle and a straight 
length of maximum tube diameter was studied, over a 
range of engine operating conditions. The results 
indicate that the pulsating flow type ejector gives a 
superior performance. Also the draft tube ejector gives 
a better performance compared to a venturi type ejector. 
It is felt that the pulsation frequency has an effect 
on the overall performance of the ejector. 

Introduction 

An ejector is a simple device, in which the 
kinetic energy of one fluid is made use of to 
entrain and eject a second fluid from a region 
of low pressure to one of higher pressure. The 
first fluid possessing the kinetic energy is called 
‘forcing fluid’, and the entrained fluid is called 
‘secondary fluid’. The forcing fluid is admitted 
to the ejector through a passage known as 
forcing nozzle. Next to the forcing nozzle is 
situated the diffuser in which the forcing fluid 
entrains and mixes with the secondary fluid and 
ejects it out to a region of high pressure. The 
location of the forcing nozzle, in relation to the 
diffuser, determines the type to which the ejector 
belongs. There are two main types of ejectors, 
namely, annular type and central type. 

In the annular type of ejector shown in Fig la, 
the forcing nozzle exists in the form of an annular 
passage surrounding the entry of the secondary 
fluid into the diffuser. The diffuser itself may 
or may not be in the form of a venturi. The 
forcing fluid as it issues from the forcing nozzle 
into the diffuser acquires a high velocity, and 
this enables to entrain the secondary fluid and 
eject it out of the diffuser against the desired 
pressure differential. 

In the central type, the forcing nozzle is 
placed at the entrance to the diffuser, coaxial 
with it, as shown in Figs lb and lc. As before, 


the forcing fluid, as it issues from the forcing 
nozzle into the diffuser, acquires a high velocity 
and enables to entrain the secondary fluid and 
eject it out against the desired pressure 
differential. In the central type of ejectors, there 
are again two varieties namely, draft tube type 
and venturi type as shown in Figs lb and lc. 
The draft tube type of ejector is used for low 
and medium pressure ratios and the venturi 
type for medium and high pressure ratios. 

Literature survey 

Studies on ejection can be divided into two 
classes, namely, (i) studies on the performance 
of the ejector as a whole 1-9 , and (ii) studies on 
process of diffusion of free jets and mixing of 
one gaseous stream with the other. The flow 
ratio obtainable by an ejector has been computed 
by using the equations of continuity, momentum 
and kinetic energy. It is assumed that no external 
heat transfer occurs and that this section is so 
large that the pressure loss and the momentum 
of the secondary fluid are negligible. It is further 
assumed that the character of the secondary 
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fluid is uniform throughout the section and the 
exit velocity is negligible. 

The mixing of the two fluids is supposed to 
involve the following processes. 

(i) Acceleration of the particles of the 
secondary fluid by impact of the particles of the 
forcing fluid. 

(ii) Entrainment of the secondary fluid by 
viscous friction at the periphery of the forcing 

J et - 

( Hi) Over expansion of the forcing fluid to 
a pressure below that of secondary fluid at 
entrance to the diffuser with consequent flow 
of the latter towards the axis of the jet. 

(id) Change of state of the forcing fluid. 

However, for simplicity of analysis, it has been 
assumed that the mixing of the two fluids at the 
entrance section of the diffuser occurs either in 
constant area or at constant pressure 1 . 

In the theoretical analysis based on constant 
area mixing, the tip of the forcing nozzle is 
assumed to be at the commencement of the 
diffuser throat and the mixing of the forcing and 
the secondary fluid is assumed to take place 
within the throat, which has a constant cross- 
sectional area. The throat should be sufficiently 
long to ensure complete mixing of the two 
fluids. The analysis based on this assumption is 
valid for ejectors having large throat proportions 
and hence low pressure ratios. 

In the theoretical approach based on constant 
pressure mixing, it is assumed that the tip of the 
forcing nozzle is located at some distance up- 
stream of the diffuser throat as shown in Fig 1, 
and the mixing of the two fluids takes place in 
the entrance section of the diffuser. The shape 
of the entrance section is assumed to be such that 
a constant pressure is maintained within the 
region between the forcing nozzle tip and the 
commencement of the diffuser throat. The 
mixing is assumed to be completed before the 
two fluids enter the diverging section. The dis- 
tance of the forcing nozzle tip from the com- 
mencement of the diffuser throat is, therefore, 
one of the factors influencing the ejector per- 
formance. The venturi type of ejector, operating 
at higher pressure ratios is assumed to operate 
on this process. 

Kastner and Spooner 2 - 4 have investigated 
the performance of large area ratio ejectors from 
which the following conclusions can be drawn. 

(1) The single stage ejector in which the suc- 
tion and the forcing fluid is air, can be designed 
to achieve a compression ratio of 1 to 3, if the 
forcing pressure is 20 psi. Under these circum- 
stances the ratio of suction mass flow to the 
forcing mass flow will vary between 0 and 20, 
the higher mass flows are for a lower pressure 


ratio. 

(2) Over the range of area ratios from 2-2 to 
700 it seems doubtful if area ratios above 70 for 
a forcing pressure of 20 psi ensure any appreci- 
able gain in terms of mass ratio. 

The optimum projection ratio, defined as 
the distance from the end of the forcing nozzle 
to the commencement of the parallel mixing 
tube divided by the mixing tube diameter, 
should be 1-5 for ejectors of small area ratio 
and for large area ratio ejectors the optimum 
projection ratio falls between 0 and 1 . The values 
refer to cases where the maximum suction air 
flow is derived at a given degree of compression. 
The length to diameter ratio for a parallel mixing 
tube should be between 7 and 10. If the ratio 
is small some compensations can be obtained by 
increasing the projection ratio. The diffuser 
angle is important in small area ratio range and 
should be less than 25 degrees. No diffuser is 
necessary for large area ratio ejectors. 

Sreenivasa Murthy and Thipperudriah 8 have 
investigated the performance of pulsating type 
ejectors. The primary fluid supply was obtained 
from a single cylinder, 4 stroke INDEG air 
coolcd diesel engine, whose specifications arc 

TABLE I 

Specifications of INDEC single cylinder engine 

Bore 87-3 mm 

Stroke 110 mm 

Power developed 6-25 hp at 1500 rpm 

Compression ratio 16-5 : 1 



ENGINE LOAD POUNDS 


Fig 2 

INDEC single cylinder engine 
(1500 rpm) 

given in Table I. Fig 2 gives a plot of the mass 
flow ratio vs the engine load obtained by 
Murthy and Thipperudriah 8 . Their results indi- 
cate that the mass flow ratio increases with the 




increase in engine load. Nagao, Shimamoto and 
Shikata 9 have investigated the performance of 
small area ratio ejectors with both steady and 
pulsating primary fluid supply. They obtained 
the primary fluid supply from the exhaust of a 
YANMAR A-2 air cooled diesel engine whose 
specifications are given in Table II. From then- 
investigations the following conclusions could be 
drawn : 

(1) The mass flow ratio increases with engine 
load. 

(2) The mass flow ratio increases with de- 
crease in forcing nozzle diameter for a constant 
diameter mixing pipe. 

(3) The performance of the ejector with pul- 
sating primary fluid supply is better than that 
with a steady fluid supply. 

TABLE II 

Specifications of YANMAR diesel engine 

Type A-2 


For the present investigation it was decided 
to fix the dimensions of the ejector on the basis of 
standard ejector practice with a continuous 
primary fluid supply. Hence the performance of 
a draft tube type of ejector formed by a simple 
convergent nozzle and a straight length of 
maximum tube diameter was studied. The 
convergent nozzles had throat diameter 15 mm, 
20 mm, 25 mm, 30 mm, and were machined out 
of MS bar stock. The passage to the nozzles is 
through a 1 1 inch GI pipe from the exhaust 
duct of the engine cylinder block. The mixing 
tube was of 3| inch inside diameter and its 
length was equal to 7 times the diameter. 

A two cylinder, 4 stroke, INDEC air cooled 
diesel engine was used to supply the forcing 
fluid to the ejector. The specifications of the 
engine are given in Table III. The engine was 
mounted on a suitable concrete foundation and 
a hydraulic dynamometer was used to load the 
engine. The governor was adjusted so as to 
obtain a constant speed of 1500 rpm. The 
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Bore (56 mm 

Power developed 2 PS at 2600 rpm 

Scope of work 

The foregoing review indicates that very 
little data exists on the performance of a pul- 
sating type ejector, with a high temperature 
and low pressure primary fluid supply. This type 
of ejector opens up a new field of research for 
application of exhaust gas energy of IG engines 
to cool the cylinders. No data, cither experi- 
mental or theoretical, is available for the 
selection of an ejector for given engine dimen- 
sions and operating conditions. With this in 
view, a series of experiments were conducted 
to determine the influence of some of the vari- 
ables on the performance of the ejector. 

Experimental 

The authors were confronted with the vast 
number of physical variables which could affect 
the performance of the ejector. Some of these 
variables are: 

(1) Pressure and temperature of the forcing 
fluid 

(2) Pressure and temperature of the secondary 
fluid 

(3) Exit diameter of the forcing nozzle 

(4) Type of forcing nozzle — convergent or 
convergent-divergent 

(5) Geometry of the mixing chamber 

(6) Length of mixing pipe 

(7) Area ratio of nozzle to exhaust pipe 

(8) Area ratio of nozzle to mixing pipe 

(9) Frequency of pulsations of the primary 
fluid, and 

(10) Mixing length. 


TABLE III 

Specifications of the INDEC twin cylinder engine 

Bore 87-3 mm 

Stroke 110 mm 

Power developed 12-5 hp at 1500 rpm 

Compression ratio 16-5 : 1 

primary and secondary air flows were measured 

by D-D/2 orifice plates fabricated to British 
standard flow code BS 1042: 1943. The pressure 
and temperature of the forcing fluid were 
recorded by a mercury manometer and a 
Chromel Alumel thermocouple respectively. 
During all the test runs the projection ratio was 
kept constant at 1-50. 

Results and discussion 

Figures 3 and 4 show the variation of tempera- 
ture of the forcing fluid vs the load on the 
engine, and pressure of the forcing fluid vs the 
area ratio of the ejector. For a given ejector 
area ratio, the forcing pressure was constant but 
the temperature varied according to the engine 
load conditions, as shown in Fig 3. Fig 5 shows 
the variation of the mass flow ratio vs the engine 
load, for different area ratio ejectors. The mass 
flow ratio increases as the area ratio of mixing 
pipe nozzle increases from 9;4 to 37-6. It is also 
seen that the mass flow ratio increases with the 
engine load for a given ejector, the maximum 
value occurring when the engine is operating 
at full load. Fig 6 shows the variation of mass 
flow ratio vs area ratio of the forcing nozzle 
to exhaust pipe at different engine operating 
conditions. It also compares the results of the 
present investigation with the others. Curves A, 
C and E compares the maximum mass flow 
ratios obtained. As stated earlier the maximum 
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Fig 3 

INDEC twin cylinder engine 
(1500 rpm) 



Fig 4 . 

INDEC twin cylinder engine 
(1500 rpm, 12 5 hp load) 


secondary flow occurs when the engine is operat- 
ing near full load conditions. This may be due 
to the fact that the enthalpy of the primary 
fluid is the highest when the engine is operating 
at full load. 

The results indicate that the venturi type 
ejector, as used by Nagao et al, does not offer 
any advantage over the simple draft tube type 
ejectors. Moreover the maximum mass flow 
ratio obtained with the venturi type ejector is 
always less than the draft tube type as shown 
by Fig 6. Even with the draft tube type of 
ejector, the mass flow ratio is always higher in 
the case of the single cylinder engine 8 as com- 
pared to the twin cylinder engine, for the same 



Fig 5 

INDEC twin cylinder engine 
(1500 rpm) 


area ratio of the forcing nozzle to the exhaust 
pipe. This may be attributed to the facts, 
namely, 

(i) The projection ratio in the present investi- 
gation was kept constant at 1-5 whereas it has 
not been specified by Sreenivasa Murthy 3 . It 
has been reported that the projection ratio plays 
a dominant part in the performance of the 
continuous flow type ejectors 4 . This fact may 
also be true in the case of pulsating type ejectors. 

(») The number of pulsations in the case of 
a single cylinder engine is 750 whereas in the 



Fig 6 

Variation of mass flow with nozzle area 
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twin cylinder engine it is 1500. This doubling 
of the pulsation frequency may be acting in 
such a way as to bring down the performance 
of the ejector nearly to the steady flow condb 
tions. However the performance of pulsating 
type ejector is always superior whatever may be 
the pulsation frequency 6 . 

In the present investigation it was not possible 
to use exhaust nozzles which gave area ratios 
with exhaust pipe less than 0-15, as this would 
increase the back pressure on the engine enor- 
mously. However, Nagao et aP have reported 
data even for area ratios near 0 05. It is felt 
that for area ratios near 0 05, the engine would 
be operating with a very high back pressure 
with the resultant of poor combustion in the 
cylinder leading to loss of power and stalling 
of the engine. 

Conclusions 

From the above, it can be concluded that — • 

1. Performance of ejectors with pulsating 
primary fluid supply is far superior compared 
to ejectors with steady flow. 

2. The secondary flow and the mass flow 
ratio increases with engine load 

3. The exhaust back pressure limits the throat 
area of the forcing nozzle and thus limits the 
maximum mass flow ratio obtainable at a 
particular load on the engine and for a given 
area ratio of the mixing pipe. 

4. The performance of the draft tube type 
ejector is much better in comparison with the 
venturi type of ejector. Thus, it seems, it is not 
necessary to use a venturi type ejector when 
the forcing fluid is supplied at a low pressure as 


previously. Kastner et al came to a similar con- 
clusion while experimenting with low pressure 
continuous flow ejector. 

5. The pulsation frequency of the primary 
fluid has a noticeable effect on the performance 
of the ejector. 

6. It is possible to obtain the entire cooling 
air flow for an air cooled engine solely by the 
use of exhaust gas operated ejectors. This would 
eliminate the power consumed by the engine 
driven blower and thus help to improve the 
specific fuel consumption. 
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Direct measurements of entrainment by acoustically pulsed axisymmetric air jets 
flowing into surrounding air have been made for a range of orifice sizes, Strouhal 
numbers, and excitation powers. The entrainment was considerably increased, by up 
to 5.8 limes at distances greater than 15 diameters axially downstream of the orifice 
exit plane. The entrainment of the excited jet varied linearly with downstream 
distance. The jet response varied nonlinear/}’ with excitation strength, indicating 
that there may be a practical upper limit to the acoustic augmentation of entrain- 
ment. The response depends on Strouhal number and appears to be optimum at 
about 0.25. 


Introduction 

Ricou and Spalding [1] made the first direct measurements 
of the entrainment by steady fully developed turbulent ax- 
isymmetric free gaseous jets. Hill [ 2 ], later on, extended this 
work by the “measurement of local entrainment rate in the in- 
itial region of axisymmetric turbulent air jets.” Indirect 
evidence from acoustic control of dilution-air mixing in a gas 
turbine combustor [3] also suggested that the jet entrainment 
rate was increased by acoustic modulation. Furthermore, 
Crow and Champagne [4], by integrating velocity profiles, 
showed that the entrained volume flow was increased 32 per- x 
cent for a low level of periodic excitation of the jet. Also by in- 
direct means, and using external excitation, Binder and Favre- 
Marinet [5] established that the entrainment rate was increased 
by 90 percent for stronger pulsation than in [4], Self-excited 
jet flows have been studied by Anderson [6] and more recently 
by Hill and Greene [7] who by integration of velocity profiles 
showed that the entrainment rate was increased. Vermeulen 
and Yu [8] carried out “an experimental study of the mixing 
by an acoustically pulsed axisymmetrical air-jet” for external 
excitation strengths much greater than those used by previous 
workers, and showed indirectly for an excitation strength half 
of the maximum used that the entrainment mass flow rate was 
approximately doubled. This study also summarizes relevant 
work on excited jet flows. Thus it appears that direct 
measurements of the entrainment rate of pulsating jets have 
not been made before, and despite the evidence from indirect 
measurements, that the entrainment rate is significantly in- 
creased, the potential for improvement in entrainment rate by 
pulsing jet flows has not been thoroughly explored. 

Jet entrainment is responsible for the mixing produced by a 
jet; acoustic control over jet flow mixing may therefore pro- 
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Fig. 1 Cross section through entrainment chamber 


mote closer achievement of the design objectives in processes 
dependent on jet mixing, such as those associated with a gas 
turbine combustor. It is therefore of important technical in- 
terest to make direct measurements of the entrainment rate of 
pulsating jets and to determine the significant control 
variables. 

Experimental 

Entrainment Measurement Apparatus. The apparatus used 
follows that developed by Ricou and Spalding [ I j, and consists 
of a porous walled chamber surrounding a 19.1-mm-dia bore 
tube, terminated by a smooth profile nozzle, mounted in the 
base plate of the porous cylinder (Fig. 1). The base of the 
cylinder is completely closed except for the nozzle orifice. The 
nozzle can be exchanged with others of different-sized bore 
for a range of sizes of 6.35, 9.53, 12.70, and 15.88 mm 
diameter. The porous wall of 300 mm diameter forms an an- 
nulus with the 550-mm-dia outer wall of the chamber. Air 
from the nozzle creates a jet on the chamber axis entraining air 
which was supplied through the porous wall from air metered 
to the annulus by a 76-mm-dia bore pipe. A centrifugal blower 
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Fig. 2 Variation of pressure drop across aperture plate with mass How 
rate through porous wall tor various aperature included angles 0; orifice 
9.53 mm diameter, x/d 0 = 38.8 

delivers the entrainment air metered by a standard sharp- 
edged orifice meter. Compressed air was admitted to the noz- 
zle tube via a needle valve, a standard sharp-edged orifice 
meter, and a settling chamber positioned to protect the flow 
meter from acoustic pulsations in the flow. The temperature 
and pressure upstream of the needle valve were kept constant, 
with the upstream pressure sufficiently large to ensure choked 
flow at the valve, ensuring constant mass flow rate. The nozzle 
tube bends at right angles, at the junction with the air supply 
tube, to couple to the acoustic excitation source of about 60 W 
rating. 

The porous-walled annulus consists of several bolted sec- 
tions, so that the chamber height is adjustable, thereby allow- 
ing the entrainment flow rate to be found for a range of jet 
flow lengths. The range of dimensionless axial distances 
( v/f/„) over which measurements could be made was from 7.0 
to 68.5. The top of the chamber was partially closed by a series 
of aperture plates, with carefully chosen aperture diameters 
that would not interfere with the jet flow. A pressure tap in the 
aperture plates allowed the porous cylinder static pressure to 
be measured with the aid of an oil-filled micromanometer 
gauge. 


A rigid framework of 3.18-mm-dia aluminum rods and 
flanges supported the porous wall of three layers of fine-weave 
cotton cloth. Three layers of cloth were necessary in order to 
provide sufficient pressure drop to ensure a uniform, radially 
inward flow of air, passed through the porous wall. This was 
checked by traversing a smoke source closely all over the in- 
side porous surface. 

For safe operation of the acoustic source, power to the 
loudspeaker was measured by an a-c voltmeter and ammeter, a 
small correction for power factor having been established by 
calibration against an audio frequency wattmeter. The 
response of the system can be divided into that of the 
mechanical system of tube plus loudspeaker and that of the jet 
flow. The mechanical system response determines the frequen- 
cies at which the strongest excitation of the jet takes place. A 
previous investigation [8], of essentially the same mechanical 
system, established these frequencies to be about 250 Hz using 
the Bolnar loudspeaker, and about 410 Hz with the University 
Sound ID60 driver. The jet flow response depends on the 
Strouhal number, and [8] showed this to be optimum at about 
0.25 for free jet. 

Upon acoustic excitation the jet velocity at the nozzle orifice 
pulses, which in turn excites the jet flow into wave motion 
growing into a train of toroidal vortices [8] . The amplitude, on 
the center line at the orifice exit plane, of this pulsation veloc- 
ity (pulsation strength) was measured by a hot-film 
anemometer in a manner similar to that described in the 
previous work [8], 

The main variables affecting the entrainment rate, and to be 
investigated, are the nozzle or orifice diameter <7,,, the jet axial 
length a measured from the orifice exit plane, the average 
steady (unexcited) jet velocity in the nozzle exit plane U„, the 
pulsation strength U r , the driving frequency J , and the 
associated dimensionless parameters, Reynolds number Re 
and Strouhal number St. 

Measurement Method. When the jet is flowing “free,” that 
is when the surrounding reservoir (room) is large, it is essen- 
tially at uniform pressure (atmospheric), and the entrained air 
flows radially inward toward the jet axis. Now consider the jet 
to be partially surrounded, as in the apparatus described 
above, then with no air from the blower, entrainment by the 
jet reduces the porous cylinder pressure below atmospheric. If 
air from the blower is now adjusted such that the pressure in 
the porous cylinder is atmospheric, and the flow through the 
porous wall is radially inward, then free-jet flow conditions 
arc re-established and the air mass flow rate delivered by the 
blower becomes equal to the entrainment mass flow rate of the 
jet. The method of measurement for a particular jet flow 


Nomenclature 


d„ = 

jet orifice diameter 

f = 

frequency 

/:■ r, = 

functions 

A, A, - 

co nstants 

m e — 

entrained mass flow- 
rate 

m ey = 

entrained mass flow- 
rate for "no-drive” 
conditions 

m eW = 

entrained mass flow 
rate for “with-drive” 
conditions 

m,, = 

constant average 
mass flow rate 
through the jet 
orifice 


mass flow rate 


through the porous 
wall 

in , = jet total mass flow 
rate crossing a plane 
normal to jet axis 
m TN - jet total mass flow 
rate for “no-drive” 
conditions 

in i n = jet total mass flow 
rate for “with-drive” 
conditions 

Re = orifice Reynolds 
number = 

P 0^0 U o ^ Po 

St = orifice Strouhal 

number = fd u /U„ 

U e = center-line jet veloc- 


ity excitation pulsa- 
tion amplitude, or 
pulsation strength, at 
the orifice exit plane 
(unsteady flow) 

U„ - average steady (unex- 
cited) jet velocity at 
orifice exit plane 
IV - power at acoustic 
driver 

a = jet axial length from 
orifice exit plane 
= jet viscosity at the 
orifice 

p„ = jet density at the 
orifice 

p, - density of the fluid 
surrounding the jet 
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Fig. 3 Variation of total mass flow rate ratio with Reynolds number for 
“no drive" conditions 





Fig. 4 Variation of entrainment rate with axial distance for isothermal 
conditions, temperature 26‘C, atmospheric pressure 88.8 kPa, U 0 = 
17.4 m/s, 250 Hz 

length, for conditions with or without acoustic drive, is 
therefore simply to adjust the air How rate through the porous 
wall until the micromanometer can detect no pressure dif- 
ference between the porous cylinder static pressure and the at- 
mosphere. For truly radially inward entrainment flow for this 
condition there must be no axial pressure gradient in the 
porous cylinder; measurement at two static pressure taps in 
the base plate of the porous cylinder confirmed that this was 
true. 

The aperture diameter influences the pressure drop 
measured across the aperture plate; a minimum-sized hole was 
desirable in order to produce a pressure drop sensitive to 
changes in the flow rate through the porous wall, particularly 
as free-jet conditions w'ere being approached. If the hole was 
too small the plate interfered with the jet axial flow, producing 
a reduced value for the measured entrainment flow rate. Thus 
if the pressure drop is plotted against the ratio of the porous 
wall mass flow' rate m p to ///„, the constant mass flow rate 
through the jet orifice of fixed diameter d„, as in Fig. 2, then 
as the aperture size varies so does the curve crossing point for 
zero pressure drop. As can be seen a hole size can be chosen 
such that the crossing point value is little affected, and the 
curve slope is steep enough that an accurate value can be ob- 
tained, which is taken to be the required ratio of m e , the en- 
trained mass flow rate to the mass flow rate through the jet 
orifice m 0 (m r /m 0 ), corresponding to free-jet conditions. Fur- 
thermore, for acoustic drive conditions, the aperature size 
which subtends an included angle of 30 deg at the orifice gives 
the maximum value for the measured entrainment flow rate, 
which is assumed to be the free-jet value. It is possible that a 
slightly different aperture size would give an improved value; 
however, the change is likely to be small, and a 30 deg aperture 
angle is also the best size for “no-drive” conditions (in agree- 
ment with [1]), a great convenience. An aperture angle of 30 
deg was therefore chosen for all entrainment measurements. 



Fig. 5 Total mass tlow rate ratio versus frequency for the system with 
either the Bolnar driver or ID60 driver; orifice diameter 9 53 mm x/d = 
25.1 ’ 0 


Initial Tests to Establish the Experimental Method. Before 
embarking on the main measurements it was possible to check 
the soundness of design of the apparatus, and to develop a 
good experimental technique, by duplicating some of the ex- 
perimental results of Ricou and Spalding. The influence of 
Reynolds number, for no acoustic drive, was therefore in- 
vestigated by varying the nozzle flow rate, since density and 
viscosity were essentially constant. Figure 3 presents data for 
the 6.35-mm and 9.53-rnm-dia nozzles, in terms of the ratio of 
the total mass How rate m , of the jet crossing a plane distance 
v from the orifice to the orifice mass flow rate hi 0 
versus the Reynolds number at the orifice. The distance \ is 
identical to the entrainment chamber length, and in, is for 
free-jet conditions and related to ///,. by 

m , = m t , + m n ( I ) 

or 


/?/„ ///,, 

As can be seen is constant for Reynolds numbers ex- 

ceeding about 10,000. Ricou and Spalding established a 
critical Reynolds number of about 25,000; it is presumed that 
the difference is caused by higher turbulence levels in the noz- 
zle flows of the apparatus for this investigation. 

The next aspect which could be checked wets the dependency 
of entrainment rate on jet length x for “no-drive” conditions; 
however, since varying the chamber height was a tedious 
operation it was also convenient to make simultaneous 
measurements for “with-drive” conditions at each value of .v 
investigated. Thus Fig. 4 shows data for the.“no-drive” condi- 
tion at two orifice sizes, with an initial jet velocity of 17.4 m/s, 
chosen because of good driving possibilities and for possible- 
comparison with other data [8], A linear relationship is in- 
dicated, represented by 


m 0 cl„ 

The slope of this line is somewhat lower than the 0.32 obtained 
by Ricou and Spalding, which was later confirmed by Hill [2], 
The degree of agreement, however, was considered to be suffi- 
ciently close to assume that the apparatus and technique were 
giving results as reliable as possible with the instrumentation 
available. 

The frequencies for best mechanical system response were 
then verified by measuring m T /m n versus frequency, for the 
two acoustic drivers, at orifice jet velocities giving approx- 
imately the same orifice Strouhal number. Evidently as shown 
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Fig. 6 Variation of entrainment rate with pulsation strength parameter 
for 9.53-mm-dia orifice, x/d 0 = 25.1, 400 Hz, data corrected for Re 
effects 



Fig. 7 Variation of entrainment rate with Strouhal number for various 
values of pulsation strength parameter; 9.53-mm-dia orifice, x/d 0 = 
25.1, 400 Hz, data corrected for Re effects 

by Fig. 5 good response was obtained at frequencies of 250 Hz 
and 400 Hz. A frequency of 250 Hz is not quite optimum, but 
since a considerable number of data at this frequency for other 
measurements had been obtained [8] it was selected to 
facilitate possible comparisons. 

Experimental Results With Acoustic Drive. The test results 
for U„ = 17.4 m/s, shown in Fig. 4, indicate the typical ef- 
fects of acoustic drive, and in general the entrainment mass 
flow rate was increased, relative to the no-drive condition, as 
shown by the increase in m T /m 0 for a particular value of 
x/d g . It is noteworthy that over the power (or U e /U 0 ) range 
tested a linear relationship still exists between m T /m 0 and 
x/d 0 . Because of the several orifice sizes tested the data have 
been obtained over a Reynolds number range of 8100 to 
1 1 ,700, and a Strouhal number range of 0.091 to 0. 137. The 
Reynolds numbers are high enough to obviate the need for 





Fig. 8 Variation of entrainment rate with axial distance lor isothermal 
conditions, temperature 26°C, atmospheric pressure 88.8 kPa, 250 Hz 



Fig. 9 Correlation between pulsation strength and dimensionless 
power, 9.53-mm-dia orifice, 250 Hz 

corrections, but the effect of Strouhal number may be signifi- 
cant and was investigated further. It is apparent that the effect 
of power, or pulsation strength U e /U 0 , causes a nonlinear 
response in m T /m 0 , which was therefore studied in more 
detail. 

The effect of Strouhal number, and nonlinear response with 
pulsation strength, were further investigated using the Univer- 
sity Sound driver in order to examine as wide a Strouhal 
number range as possible. The Strouhal number was varied by 
changing the jet velocity, which resulted in a Reynolds number 
range of 5600 to 15,700. This necessitated that corrections be 
made to the data for Reynolds numbers less than 12,000, 
based on the results from Fig. 3, by assuming that the “with- 
drive” results are affected by viscosity in a similar manner to 
the “no-drive” results. It was not possible to operate at higher 
Reynolds numbers, thereby avoiding corrections, because of 
frequency limitation by the mechanical system response (Fig. 
5), and because a larger diameter orifice could not be driven 
strongly enough by the driver power available. It will be 
shown later that 
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K,ifV 
U„ U 0 yfm a 

at a particular frequency, where IT is the driver power, and A' t 
is a constant; hence the corrected experimental results for the 
9.53-mm-dia orifice, at x/d a = 25.1, for a range of driver 
powers, have been presented in Fig. 6 in terms of the 
parameter iw/U 0 \Hh 0 . The nonlinear response of tn r /m 0 
with pulsation strength is immediately apparent indicating 
that there may be a practical upper limit to the acoustic 
augmentation of entrainment mass flow rate. It will also be 
observed that the data for the lower Strouhal numbers have 
been curtailed because of the restriction on driver power ( < 30 
\V) to avoid destruction of the “voice coil.” By cross-plotting 
the data at s Hv/U 0 '/fh g = 4.5 (U e /U 0 constant) the response 
with Strouhal number can be shown, as in Fig. 7, and is seen 
to peak at a Strouhal number of approximately 0.25. 

The variation of m T /m 0 with x/d a , near optimum Strouhal 
number conditions, is given in Fig. 8 for several orifice sizes. 
Equation (3) has also been shown for comparative purposes, 
which immediately indicates that the experimental points for 
“no-drive” conditions have been affected by viscosity; 
presumably the “with-drive” data are similarly affected. This 
is the result of having to obtain a Strouhal number of 0.3 by 
lowering the jet velocity, resulting in low' Reynolds numbers. 
The “no-drive” data' also unfortunately suffer from undue ex- 
perimental scatter caused by the difficulty in the measurement 
of m c at such low jet velocities; the lower limit of the in- 
strumentation available was being reached. Despite this 
criticism the data clearly show the increased entrainment pro- 
duced by acoustic drive, and that a linear relationship exists 
between m T /m 0 and x/d n for the power (or U f /U a ) range us- 
ed. Clearly the data are similar to those of Fig. 4 for lower 
Strouhal numbers. 



Fig. 10 Variation of mass flow rate ratio with pulsation strength 
parameter, frequency 250 Hz 


law at 250 Hz. At other frequencies the constant A, is ex- 
pected to change because of mechanical system response, and 
changing the orifice size may introduce a geometry parameter 
since geometric similarity will not be preserved. 

( b ) Consider the air jet flow to be incompressible, to have 
the same density as the entrained air, and conditions are 
geometrically similar. Then since the experimental results 
show that the total mass flow rate through a given plane 
depends on the distance from the orifice, the jet velocity, the 
orifice diameter, the pulsation strength, the Reynolds number, 
and Strouhal number, a functional relationship may be as- 
sumed as follows 

m T = p„. d„, U,„ /(„,/, a) 18) 

Again, selecting p u , r/„, and U„ as common factors it may he 

shown that 


Discussion 


Dimensional Analysis. The discussion is facilitated by con- 
sidering the dimensional analysis of the problem, which may 
be conveniently divided into two parts: (a) examination of the 
relationship between pulsation strength and power, and (b) the 
relationship between pulsation strength and jet mass flow rate. 

(a) Consider the nozzle flow to be incompressible and that 
geometric similarity applies, then since pulsation strength has 
been shown to depend on the power, jet velocity, and orifice 
diameter [8], it may be assumed that 

U e ^F(W, Po ,d a , U etl i 0 ) (4) 


where p„ is the density and is the viscosity. Then by se- 
lecting p a , d 0 , and U„ as common factors it follows that 


Ue F ( W P 0 d„U v 


(5) 


where p 0 d a U u /p 0 is the orifice Reynolds number. By plotting 
U e /U„ versus VV/p 0 d 2 0 U\ it quickly becomes apparent that 


( U e _ KW 

\~U7) = p B dlul 


( 6 ) 


(where K is a constant), as shown in Fig. 9 for data obtained at 
250 Hz, for the 9.53-mm-dia orifice. Hence 


U e _ K,JfV 
U B U 0 '/m 0 


(7) 


These data were obtained for a Strouhal number (fd o /U , 0 ) 
range of 0.033 to 0. 1 3 1 . There was no discernable dependence 
on the Strouhal number, which justifies the omission of the 
frequency / as an independent parameter in equation (4). Fur- 
thermore, the Reynolds number range of the data was from 
6000 to 38,000 with no noticeable effect, implying that viscous 
effects may be neglected. Thus equation (7) is the performance 


m r F / Pgd„U„ f d o 

m„ 3 ' U tJ ’ n„ ' U„ ’ d, 

In principle it would be possible to establish the effect of 
Reynolds number on m r /m 0 at a particular drive condition. 
However, this would involve keeping U e /U„, .S’,, and x-d, 
constant while the Reynolds number was varied, a very dif- 
ficult experimental task, which has so far not been attempted 
The assumption has therefore been made that Reynolds 
number effects at “with-drive” conditions are similar to those 
at the “no-drive” conditions. 

When the Reynolds number is high viscous effects can be 
neglected, and for fully developed flow, that is when .v> 15<7, 
[2], m T is a linear function of .v for “no-drive” conditions [!]. 
Thus the Reynolds number can be dropped from equation (9) 
and there may be a simple dependence on x/d n for “with- 
drive” conditions. 

Furthermore, when the density of the injected fluid p a is dif- 
ferent from that of the surroundings p s , being entrained, 
Ricou and Spalding [1], from their data, showed that the data 
could be normaliz.ed to those for no density difference by 
multiplying the mass flow rate ratio by \Ip u /p s , i.e. , 



All the data presented here have been corrected in this man- 
ner, even though small, because of small differences in 
temperature of the jet flow air and the entrained air (299 K 
and 306 K typically). 

Entrainment Results. Figures 4 and 8 present the entrain- 
ment mass flow rate results without corrections for Reynolds 
number effects. This is not important since it is the ratio of 
m T /m 0 “with-drive” to m T /m 0 “no-drive” which is of in- 
terest. Thus any Reynolds number factors cancel, provided 
viscous effects are similar. Also since m a was kept constant, 
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during a particular test, the above ratio reduces to m TH “vvith- 
drive” divided by m TN “no drive.” Clearly the “with-drivc’ 
behavior is linear with x/d a over a wide range of pulsation 
strength and Strouhal number, and the ratio m TW /tn TN in- 
creases substantially with the driving power. Thus the en- 
trained mass flow rate has been considerably increased by 
pulsating the jet flow. Some data are shown for 1 2.70-mrn and 
15.88-mm-dia orifices, but because of driver power limitations 
entrainment changes are small. 

The variation of m T /m 0 with pulsation strength is clearly 
shown in Fig. 6, for 400 Hz, and a maximum value of 3.6 for 
m Tn /m TN was measured. All curves in Fig. 6 should pass 
through m r /m 0 = 7.56; the small discrepancies shown are the 
result of experimental error. A wider range of data variation 
was covered by the results of Fig. 8, which have been replottcd 
in Fig. 10 (together with an extra experimental point) as 
m n , /m TN versus x/ H7U 0 vVit„. Data from Fig. 6 have not 
been included because their abscissa scale is different, i.e., the 
constant A', is known only for the 9.53-mm-dia orifice at 250 
Hz driving frequency. This is because measuring the pulsation 
strength U,, is difficult with the instrumentation available, and 
would be more so in engineering situations. The measurement 
of driving power IT is more convenient and gives a better idea 
of the power requirements required to increase the entrain- 
ment rate. A maximum value of m TW /m 1N of 5.59 (cor- 
responding to m eU /iii^ = 5.82) at St = 0.274 (250 Hz), was 
recorded for a driver power of 16 W. This is considerably 
greater than a ratio of 2, the maximum previously reported 
[8]. The pronounced separation of the curves at St values of 
0.274 and 0,300 seems rather large in light of Fig. 7 and may 
be the result o! geometric similarity not being preserved. 

The driving power required for, e.g., doubling m lw /m TN 
may be compared with the jet power, m 0 U]j 2, using the data 
from Fig. 10. Thus for the 6.35-mm-dia orifice the power re- 
quired is 32 times the jet power, and for the 9.53-mm-dia 
orifice it is 72 times the jet power. This is indeed large, and 
considered in isolation of the process being affected by 
acoustic control it may be misleading. For instance Vermeulen 
et al. [9] showed that the power required to acoustically con- 
trol the dilution-air mixing of a combustor, under scaled 
“full-load” operating conditions, was less than 1/2 percent of 
the combustor energy conversion rate. Hence the power re- 
quired to produce a pulsating flow may still be small when 
compared with the overall power of the process. 

In constructing the “best-fit” lines to the data of Fig. 8 the 
lines have been drawn through the origin of axes, as was done 
by Ricou and Spalding [1]. But, m T /m v may have the value 
unity at x/d„ = 0, and certainly has for no-drive conditions. 
However, the accuracy of the data does not warrant this 
discrimination, and it has been ignored. For the unexcited jet 
Hill [2], for the initial region x/d, t <15. showed that the slope 
of the entrainment law decreased from 0.32 to 0. 1 2 at one noz- 
zle diameter from the orifice. The present experiments were in- 
capable of obtaining similar data for the excited jet , and 
measurements in the initial zone were not made. However, 
Vermeulen and Yu [8], by means of velocity and temperature 
profile measurements, showed, for the modulated jet, that in- 
creased entrainment took place over the first five diameters 
downstream of the jet orifice where the toroidal vortices are 
formed and are strongest. Hence, it is expected that future 
measurements in the initial zone will show that the local en- 
trainment rate is substantially increased by acoustically ex- 
citing the jet. 

Figures 6 and 10 indicate that the increase in entrainment 
mass flow rate begins to saturate with pulsation strength at the 
higher driver powers. This is in agreement with the findings of 
[8], and may be due to the excitation of the toroidal vibration 
mode of the toroidal vortices. The data are of the form y = 
ax’’ + 1 for a particular Strouhal number. This allows an 


overall performance law to be found for say optimum 
Strouhal number conditions. The following equation was ob- 
tained for the data of Fig. 10 at St = 0.274 (6.35-mm-dia 
orifice, 250 Hz) 


- = 0.13 



JlV \ 
U„\fm 0 ' 


+ 0.29 


x 



( 10 ) 


This equation is valid for x/d„ > 15, for the given system, and 
reduces to equation (3) for zero driving power. 

An optimum Strouhal number of 0.25 was established by 
the results of Fig. 7. This is in agreement with the findings of 
{8] from velocity measurements, and is consistent with the 
findings of Crow and Champagne [4] who found that the tur- 
bulence intensity was optimal for St = 0.3. Both findings were 
for conditions essentially independent of Reynolds number ef- 
fects. The incomplete curves in Fig. 7 suggest that the op- 
timum value may depend on the pulsation strength U e /J„, 
but more data at lower Strouhal numbers are required before a 
definite conclusion can be drawn. 


Conclusions 

The experimental results show that jet entrainment was con- 
siderably increased by pulsing the jet flow. Specifically for 
x/d„ > 1 5 the jet total mass flow rale was increased by up to a 
factor of 5.6 (corresponding mass flow rate entrained by up to 
a factor of 5.8) for a Strouhal number of 0.274 and a driver 
power of 16 W. The entrainment of the excited jet varies 
linearly with distance downstream from the jet orifice, as for 
the unexcited jet. 

The jet response varies nonlincarly with the excitation 
pulsation strength, indicating that there may be a practical up- 
per limit to the acoustic augmentation of entrainment mass 
flow rate. The response depends on Strouhal number and ap- 
pears to be optimum at about 0.25. 
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ABSTRACT 

An oil hammer generates a greater pres- 
sure than that supplied to a pipeline, and this 
is important in terms of the safety of oil 
hydraulic equipment. The author intends to 
actively utilize this pressure rise 
phenomenon to oil hydraulics and has 
invented an intensifier which is based on a 
new principle and converts oil pressure into a 
value more than six times higher, by means 
of an oil hammer. The intensifier has advan- 
tages in simple structure and in easy control 
since it is controllable by switching only one 
solenoid operated valve. In this paper, a new 
design for a pressure intensifier is proposed 
and a theoretical analysis describing the per- 
formance and operation of this design is 
developed. Results of experimental work on 
this design are then compared with theoreti- 
cal results. 

NOMENCLATURE 


V 0 = output volume through point 3 per cycle 
v = average fluid velocity at line section 
w = ratio of current open area of solenoid valve to its 
total open area 

y = valve (spool) displacement 
rj = efficiency 

iz = kinematic viscosity of fluid 
p = fluid density 

subscripts 

1 ,2, 3, 4, 5, 6: flow positions (Fig. 1) 

1. INTRODUCTION 

As an oil ( water ) hammer generates a pressure 
greater than that supplied to the pipeline, and some- 
times causes equipment breakdown, there have been 
many attempts to predict such pressures and develop 
methods to reduce it. In the present work, however, 
the author proposes to actively utilize this pressure 
rise. A new design for a new type of hydraulic pressure 
intensifier is proposed, which operates on the princi- 
ple that an oil hammer is generated continuously in 
the pipeline and only the high pressure oil is 
discharged through a check valve. The intensifier can 
convert oil pressure of several MPa produced by a low 
pressure pump, into a pressure which is more than six 
times higher. 


A c = line cross-sectional area 

A v = total open area of solenoid operated valve 

c = sonic velocity in fluid, Y A / p 
c o = discharge coefficient 
D - inner diameter of line 
D v = 4 v / D 2 

e c ~ electric output signal of computer 

e s = solenoid voltage 

i ~ solenoid current 

K = bulk modulus of fluid 

L = length of line 

N = number of nodes along line 

P a = output pressure 

P m = maximum output pressure 

P s = supply pressure 

p = pressure 

q = volumetric fluid flow rate 
q v = volumetric fluid flow rate through valve 
T, =2 L/c 
t = time 


In the case of water, a hydraulic ram utilizing this 
idea by means of water hammer has been invented two 
hundred years ago, and is used to deliver water to 
higher elevations. Recent investigations show that the 
discharge pressure in hydraulic rams are of the order 
of several hundred kPa [lj. In the case of oil hydraul- 
ics however, discharge pressure levels required are 
about 10-30 times greater than those encountered by 
water hydraulic devices. Consequently, a different 
structure is required in the case of oil hydraulic 
equipment. The new intensifier has the following 
advantages over the usual intensifier: 

(a) Very simple structure: As the new intensifier 
consists only of a pipe line, a check valve, a 
solenoid operated valve and the current switching 
device, the structure is simple and economical. 

(b) Switching of only one solenoid operated valve 
makes it possible to start and stop the intensifier 
easily and to control the discharge at the output. 
This control is achieved by repeated switching of 
the solenoid valve. Since the intensifier is control!- 



able by on-ofT switching of only one solenoid 

operated valve, it is suitable for micro computer 

control. 

In this paper the new intensifier construction is 
explained and its fundamental characteristics arc 
clarified by experimental and theoretical results. 

2. NEW INTENSIFIER CONSTRUCTION 

The construction of the new intensifier which has 
been developed in this research is shown in Fig.l. Oil 
with constant pressure is supplied to the upstream 
side of the pipeline (position 1 ). The switching of a 
solenoid operated valve located at the downstream 
end of the pipeline (position 2 ) generates an oil ham- 
mer in the pipeline. 

When current is supplied to the solenoid valve, it is 
in the open state, the fluid path is free and the fluid 
flows at high speed through the pipeline and the 
solenoid valve to the tank. Immediately after the valve 
is closed rapidly, by cutting off the solenoid current, 
an oil hammer is generated in the line. As long as the 
pressure at point 2 is higher than that at point 3 , the 
check valve is open and high pressure fluid is 
discharged through the check valve. Soon the pres- 
sure at point 2 becomes lower than that at point 3, 
and the check valve is closed preventing a reverse 
flow The accumulator (II) prevents sudden and local 
pressure rises resulting in an increased output flow. 

If high pressure flow is needed, it can be loaded 
through point 4 , but in this research this path is 
closed. Although the relief valve (II) is attached in 
order to keep the point 3 pressure constant for slow 
flow change, all the high pressure fluid which is 
designed to be sent to a load, flows away through it 
because point 4 is closed. 

In order that the solenoid operated valve may be 
operated automatically according to various patterns, 
the signal for switching is generated by a micro com- 
puter. An LSI ( CTC = Counter Timer Circuit ) which can 
read a system clock is inserted into the computer, and 
it is set up to detect time at intervals of 1.25 ms in 
order to operate the solenoid operated valve at 
desired time intervals. The micro computer output 
signal is sent to the solid state relay ( SSR ) through an 
interface. This signal controls the OPEN | CLOSED 
status of the solenoid operated valve. The OPEN- 
CLOSED intervals and the total number of OPEN | 
CLOSED operations are entered interactively by the 
user at the keyboard. 

One of the applications of this intensifier is an 
application to an oil hydraulic cylinder as shown in 



Fig.l Schematic diagram of the test rig 

Fig. 2. The part enclosed by a line in Fig.l is replaced by 
a hydraulic cylinder and a manually operated valve. 
When the solenoid operated valve is kept closed , the 
pressure at the pump is supplied directly to the 
hydraulic cylinder and it is operated by the pump 
pressure. If an oil hammer is generated by the opera- 
tion of the solenoid operated valve, the chamber of the 
cylinder is compressed by the discharged fluid. The 
pressure in the chamber can be raised gradually for 
every on-off of the solenoid operated valve. The 
detailed performance of this application will be 
clarified in a future publication. 

3. NUMERICAL CALCULATION 

The method combining characteristics and finite 
difference has been developed to predict the dynamic 
response of a pipeline by Zielke [2], which considers 
frequency dependent laminar friction in the pipeline 

This method is applied to predict the dynamic 
response of the pipeline when oil hammer occurs, and 
the performance of the system is obtained by numeri- 
cal calculation. 

The following conditions are assumed for numeri- 
cal calculation to predict the dynamic characteristics 
during a cycle. At the beginning, the solenoid operated 
valve is in the closed position ,the fluid in the line is at 
rest and the line pressure is equal to the supply pres- 



Fig.2 Example of application 
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sure of the pump. The valve is then opened and closed 
according to the pulse output of the micro computer 
w in the equation (4) is the ratio of the current open 
area of the solenoid valve to its total open area and 
lies between zero and one. It is assumed that the flow 
through the check valve is discharged without any 
pressure drop when the pressure at point 2 is higher 
than that at point 3 due to an oil hammer. 


Considering the initial and the boundary condi- 
tions, the following equations are used for the calcula- 
tions together with the equations developed by Zielke. 
The initial conditions are 


v - 0 

(1) 

li 

(2) 


where v and/s are the average fluid velocity at the line 
section and pressure respectly at all points along the 
line. 

The boundary condition are at the upstream: 


Pi = P, 

(3) 

at the downstream: 

q-v = c 0 K w V 2 Pz/ P 

( 4 ) 

A c v 2 = 93 + <?„ 

( 5 ) 

Ps = P a 

( 6 ) 

due to the action of the check valve: 

Pz = P 0 (<73 > 0 ) 


7a = 0 . (p e < P o) 

( 8 ) 



Fig. 3 v 2 after opening the valve 

4. EXPERIMENTAL RESULTS and CALCULATED RESULTS 


The differential transformer was connected to the 
spool of the solenoid operated valve to measure the 
valve (spool) displacement. The pressures p z and p 3 
were measured by semiconductor pressure transduc- 
ers (I) and (II). These signals and micro computer out- 


put e c , solenoid voltage e 5 and the signal of the 
current i were memorized rapidly by a digital memory 
device. Later these were recorded slowly by X-Y 
recorder 

Fig. 3 shows the calculated result of the fluid velo- 
city v 2 after the solenoid operated valve starts to 
open. The velocity increases rapidly from zero and 
reaches almost steady state in about 100 ms There- 
fore, referring to this velocity response, the solenoid 
operated valve was operated with suitable time inter- 
vals. 


4.1 Dynamic Characteristics 

First, the solenoid operated valve was operated 
continuously with pulse width of 125 ms and fre- 
quency of 4 Hz . The valve was intended to be closed 
after the flow velocity reached sufficiently steady 
state. Fig. 4(a) shows the micro computer signal and 
the response at each point for one cycle, illustrated 
with a common time axis. The solenoid operated valve 
begins to open 22.1 ms after turning on the computer 
signal. The pressure p z at the downstream becomes 
almost zero and the fluid in the line is accelerated. 

By the closure of the solenoid operated valve, the 
pressure p 2 increases suddenly and reaches a value 
P Q { = p 3 ), which is kept constant at point 3. Because 
the check valve opens at this moment and the fluid is 
discharged through it, the pressure p 2 is maintained 
at this value lor a short time and undergoes a damped 
oscillatory behavior which eventually converges to the 
value of the supply pressure P s . When p 2 becomes 
lower than P a , the check valve closes. The displace- 
ment of the poppet in the check valve was a few tenths 
of a mm. The fluctuation of the supply pressure P s at 
the point 1 during the oil hammer was within 4 % of 
the steady state pressure because of the relief valve ( 
1 ) and the accumulator ( 1 ). 

For the numerical calculation, the observed form 
of the valve displacement was approximated by a tra- 
pezoidal wave. When y is greater than zero, the 
solenoid operated valve is open. In the figure, the solid 
lines show the experimental results. 

Fig. 5 shows the pressure responses with the 
different output conditions. If point 3 is shut, very 
high pressure is generated and after that it decreases 
into the value lower than atmosphere. Therefore cavi- 
ties seem to appear in the fluid. 

The cycle period of the vibration in the experi- 
mental result is longer than the numerically calcu- 
lated result for P Q - 3.9 MPa. When point 3 is shut, the 
maximum pressure of the experimental result is lower 
than the calculated one. These are attributed to the 
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Table 1 Parameters 
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Parameter Value 


A v 7.76x10 s m 2 

c q 0.6 

D 5 mm except Fig. 7 & 8 

K 0.136 GN/m 2 

L 4.15 m except Fig. 6 

N 20 

P s 1.96 MPa except Fig. 8 

v 0.383 x 10' s m 2 / s 

p 853 kg/m 3 



> 20 H 



io- 
5 _ 

o -**•' 



0 100 200 
t ms 


(a) t u =125 ms 


4-1 




0 100 200 
t ms 


(b) t w =30 ms 




Fig. 5 Wave forms of pressure p 2 for various 
output, conditions 



• 4 Responses of the system to pulse input with 
different width 

unavoidable volume at the connection parts in the 
experimental equipment. Around point 2 the distances 
between the downstream point of the pipeline and the 
solenoid and the check valve and the distance between 
the check valve and the accumulator (II) were made as 
small as possible. However, there were still some 


Fig. 6 Output volume Vq versus output pressure P 
for various line length L 

amount of unavoidable piping length between these 
points. The compressibility of the volume of fluid in 
these regions softens the abrupt change of the flow 
velocity and consequently weakens the oil hammer 
and makes the cycle period of the vibration longer 
The extra piping length also produces time lags which 
reduce the output volume mentioned in next section. 
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4.2 Output Volume 

Fig. 6 and Fig. 7 show both the experimental and 
the calculated results of the output volume V 0 per 
cycle for a steady output pressure P 0 ( = p 3 ). The value 
of the output pressure P 0 can be varied by the adjust- 
ment of the relief valve (II) to obtain experimental 
data. The output volume was measured at point 6. Fig. 6 
shows the effect of the line length. Fig. 7 shows the 
effect of the line diameter D. Error bands in V c for 
P 0 - 3.9 MPa are shown at 20:1 odds on Fig. 6 and Fig. 7, 
The same value of odds is used for error bands in the 
following figures. 

On the whole, the output volume obtained by the 
experiment shows relatively lower value than that 
obtained by calculation. This may be attributed to the 
many kinds of small difference in the experimental 
conditions from the idealized conditions for the calcu- 
lation. For example, the unavoidable small distance 
between each parts at the downstream 2 reduces the 
output volume. Dynamics of the poppet in the check 
valve seem complicated and need to be clarified pre- 
cisely in the future, but they are idealized in the calcu- 
lation because the purpose of the paper is to clarify 
the fundamental principles of the new intensifier. The 
time delay of the check valve causes the output flow 
reduction when it begins to open and the time delay 
also causes reverse flow when the check valve begins 
to close. Therefore, the output volume with the real 
check valve is less than that with the idealized check 
valve. 

If the line length is reduced or the line diameter is 
increased, the output volume increases and maximum 
output pressure rises. However in either case, the 
necessary supply flow increases because the input 
volume to the line during the valve open increases. 
Moreover if the line length is reduced further, the 
experimental results do not increase as much as 
expected from the calculation. This may be attributed 
strongly to the unavoidable distance and volume 
between the components at the downstream and the 
dynamics of the poppet because the cycle period of 
the oil hammer is reduced with the line length reduced 
and the effect increases for a rapid change. 

Another cause of the performance drop is that 
laminar flow is assumed in the calculation The max- 
imum Reynold’s number is expected to be 2160 with 
L = 2.77 m, D = 5 mm and 2390 with 

L - 4.15 m, D - 6 mm. Around these Reynold's 
numbers the flow is expected to become turbulent, 
which results in the increase of resistance to the flow 
Therefore the flow velocity does not become as high as 
expected by calculation. 


4.3 Maximum Output Pressure 

As the output pressure is increased, the output 
volume decreases and finally becomes zero. At this 
state, the pressure P v is the maximum output pres- 
sure P m which can be generated by this system. Fig. 8 
shows the effect of the supply pressure P s and line 
diameter D on the maximum output pressure P m . P m 
is almost proportional to P s . The experimental results 
show that P m is about 4.2 times as high as P s with 
D - 4 mm, about 6.1 times with D - 5 mm, and about 

7.4 times with D = 6 mm. The experimental result is 
lower than calculated one because of the same reason 
as Fig. 5 for g 3 = 0. 

If the pressure drop through the solenoid 
operated valve is ignored and the valve is assumed to 
be closed instantaneously after the steady flow velo- 
city is obtained, and the output flow is zero, the max- 
imum output pressure P m is indicated by the equation 
(9) because it is the typical in the oil hammer [3]: 


P„. 


CD Z P ; 
32i /L 


( 1+2 



D v Tj 


+ A, 


(9) 


The value indicated by equation (9) is a few percent 
higher than the results obtained by the similar numer- 
ical calculation as in section 3. 


The assumption of instantaneous valve closure is 
reasonable in this case. Although the actual valve clo- 
sure takes similar time as acoustic cycle (2 L/ c) after 
it starts to move ,the pressure drop across the valve 
(p 2 ) is very small during almost all the process of the 
valve closure because the area of the valve A^vj is still 
big enough during it. In very short period before the 
valve is closed completely, the pressure drop becomes 
significant across the valve and stops the flow com- 
pletely at last. Therefore, when the calculated result 
of p z with the assumption ot instantaneous valve clo- 
sure is compared with the result calculated using the 
observed valve displacement, only a slight difference is 
found at the beginning portion of the pressure rise. 

4.4 Effect of Pulse Width 

So far the pulse width was kept 125 ms. The fol- 
lowing will be expected from Fig. 3, if the open duration 
of the solenoid operated valve is varied by the pulse 
width. The maximum fluid velocity is increased and the 
oil hammer becomes stronger and results in the out- 
put volume increase as the duration increases. But the 
effect decreases when the duration is increased 
beyond about 100 ms. Besides the input volume to the 
line increases monotonically with the duration and 
flows away wastefully into a tank. 

Now the input volume, the output volume and the 
efficiency are investigated when the pulse width of the 
micro computer output is varied. Fig. 4 (a) and (b) 



MPa 


MPa 


Fig. 7 Output volume versus output pressure P c 
for different inner diameter o 



Fig. 8 Maximum output pressure Pm versus supply 
pressure Ps 

show the relations between the computer output and 
the response at each point when the pulse width is 
125 ms or 30 ms . For the short pulse width, the 
difference of the forms between the computer output 
and the valve displacement is large. If the pulse width 
is within 16 ms, the solenoid operated valve does not 
open at all because the valve displacement cannot 
exceed the overlap region. If the pulse width exceeds 


Fig. 9 Output volume V 0 versus pulse width t w for vari- 
ous output pressure P Q 

about 16 ms, the open duration of the valve increases 
monotonically with the pulse width. 

Fig. 9 shows the relation between the output 
volume V a and the pulse width t w . The output volume 
increases as the pulse width is increased . But the out- 
put volume increases slightly as the pulse width 
increases beyond 1 00 ms . The value of Lhe experimen- 
tal results is less than the calculated results in Fig. 9 . 
This may be attributed to the similar reason men- 
tioned in section 4.2. Fig. 10 shows the relation 
between the input volume V l and the pulse width t w . V i 
means the volume which flows during a cycle through 
the entrance of the line. V i increases monotonically 
with t w , and it is slightly more at the low output pres- 
sure than at the high output pressure. 

The efficiency 7j is defined as: 


V = 


P V 

1 0 r o 

p y. 

1 S r l 


( 10 ) 


Fig. 11 shows the relation between the efficiency 
and the pulse width. The figure shows that there exists 
a value of t w at which the efficiency is a maximum. 

5. CONCLUSION 

A new type of intensifier has been invented and 
tested, which has the principle that an oil hammer is 
generated continuously in a pipeline and only the high 
pressure fluid is discharged through a check valve. As 
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the performance has been investigated by experi- 
ments and numerical calculations, it has been verified 
that the fluid pressure of several MPa supplied by a 
low pressure pump can be converted into pressure 
several times higher. Though the possible output flow 
is not much, application is possible where high pres- 
sure is needed by a cylinder at the final stage of press- 
ing or during cramping in a press or a cramp equip- 
ment. As the output volume per cycle is clearly deter- 
mined by the condition, the total output volume can be 
controlled by the number of cycles. Therefore it is 
favorable for computer control because the intensifier 
can be controlled only by switching the solenoid 
current on and off. 
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Fig. 11 Efficiency rj versus pulse width t w for various 
output pressure P 0 
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EJECTORS WITH DIFFUSORS 



Fig. 5 Best thrust augmentations vs total length 
with flapping and steady jet 
(two-dimensional ejectorA»= 20) 
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Some Observations on the 
Mechanism of Entrainment 

P. M, Bevilaqua* and P. S. Lykoudisf 
Purdue University, Lafayette, Ind. 

I. Introduction 

A LTHOUGH entrainment of fluid from the surroundings 
.is fundamental to the development of turbulent free 
shear flows, the actual mechanism of entrainment is not well 
understood. The fundamental process is the diffusion of 
turbulent vorticitv; irrotational fluid that becomes rotational 
is said to have been entrained. Various descriptions of this 
process have been suggested, but these can be reduced to two 
basic hypotheses. Entrainment is due either to the viscous 
diffusion of vort icily at the smallest scales of the turbulence 1 7 
or to the action of large-scale “mixing jets’’ that engulf 
volumes of fluid in bulk. 4 - 5 We have prepared this Note to 
outline our reasons for rejecting the small-scale mechanism. 
From considerations of similarity, we argue in the next section 
that a viscous diffusion mechanism is inconsistent with the 
observed self-preserving development of many flows. Some 
experimental evidence for the existence of a large-scale 
mechanism is described in the last section. 

II. Surface Layer Hypotheses 

The existence of a well-defined boundary is characteristic of 
free turbulent flows. Across the greater part of the flow, the 
intensity of the turbulence is relatively constant. Near the 
boundary, however, the turbulent fluctuations diminish 
abruptly, resulting in a sharp interface between the regions of 
turbulent and nonturbulent motion. This interface is a 
continous but highly convoluted surface whose irregular 
motion produces the intermittently turbulent signal from a 
fixed probe near the flow boundary. 

On the basis of measurements in a plane wake, a round jet, 
and the boundary layer on a flat plate, Corrsin and Kistler 
suggested that the interface is a thin fluid layer in which the 
turbulence is diffused by viscosity. The characteristics of the 
surface layer, or superlayer, were inferred by a mixture of 
intuition and observation. Since, Corrsin and Kistler 
reasoned, the rate of vorticity production is proportional to 
the vorticity already present, once a fluid element has been 
sheared by viscous stresses at the boundary, its vorticity is 
rapidly increased. Thus, the interface remains sharp. Because 
the turbulence in the superiayer exists in a condition of 
equilibrium between diffusion by viscosity and amplification 
by turbulent straining, Corrsin and Kistler saw it as being 
similar to the turbulence in Kolmogorov’s universal 
equilibrium range of the energy spectrum, which is balanced 
between dissipation at higher wave numbers and am- 
plification at lower wave numbers. They concluded, by 
analogy, that the scale of the turbulence at the boundary and 
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the thickness of superlayer must therefore be small, on the 
order of Kolomogorov’s dissipation length 

A= (<U/4>) ■' (I) 

where $ is the rate at which turbulent energy is dissipated in 
the equilibrium range and v is the viscosity of the fluid. 

Furthermore, Corrsin and Kistler reasoned that the average 
rate of advance for such a diffusing surface of vorticity 
depends only on the fluid viscosity and the intensity of the 
vorticity fluctuations, w. The appropriate combination of 
these parameters, giving the speed at which the surface ad- 
vances, was surmised to be 

V, = (vu>)' : (2) 

The vorticity of turbulence in the equilibrium range must be 
proportional to (4>/e) ' ' , and so the speed of advance becomes 

L, = (i'4>) (3) 

which is the Kolmogorov velocity scale. 

The superlayer hypothesis has had a continuing influence 
on the study of the interface and the mechanism of en- 
trainment. However, some of the underlying assumptions 
have been questioned. Moffatt/ for example, pointed out 
that the dissipation of vorticity is also proportional to the 
vorticity already present; on these grounds the boundary is as 
likely to be diffuse as sharp. Phillips ’ argued that the speed at 
which the surface advances may be more characteristic of the 
velocities of the energy containing eddies, although he 
retained the notion of a small-scale entrainment process. 

The suggested equivalence between the turbulence in the 
superlayer and the turbulence in the equilibrium range raises a 
more fundamental question. Turbulence in the universal 
equilibrium range is, by definition, independent at conditions 
in the mean flow (except for the energy supplied); yet the 
speed at which the interface advances must adjust both to the 
flow geometry — wakes diffuse more rapidly than jets, for 
example — and to changes in the spreading rate as each fiow 
decays. With an entrainment velocity determined by 
properties of the small-scale turbulence, the observed self- 
preserving development of many flows is not possible. This 
can be shown from considerations of similarity. 

In the region of self-preservation, the entrainment velocity 
must be proportional to the scale velocity of the mean flow, 
U c . According to Kolmogorov’s hypothesis the dissipation is 
proportional to fate at which energy is supplied, < J> = U;’/Z., , 
where L c is the length scale of the mean flow. The 
requirement for self-preserving diffusion at the Kolmogorov 
velocity is 

(vU 3 c /L c ) ‘ A ~ U c (4) 

In general, the self-preserving scale parameters vary as U, ~ 
x~ m and L c ~x"\ the requirement for self-preservation theii 
becomes m = n. This is only true for the cases of the plane 
wake and round jet. 

An assumption that the entrainment velocity is determined 
by simple diffusion of the energy containing eddies leads to 
the same result. In self-preserving flows, the vorticity of these 
eddies is proportional to U c /L c , and the requirement for 
spreading at the diffusion velocity is that 

(vU c /L c ) 1/1 ~U C 


(5) 



The requirement again becomes m = n. Thus, except possibly 
in the plane wake and the round jet, another mechanism must 
adjust the entrainment velocity to the self-preserving rate of 
development. 


III. Large Eddy Hypothesis 

We believe that the entrainment is determined by the large, 
coherent eddies whose permanence has only recently been 
discovered. 78 Although it was known that large-scale 
motions of the interface are correlated with an increase in the 
rate of entrainment, 9 it was presumed that this motion 
controls the entrainment indirectly, by increasing the surface 
area of the interface. The origin of the motion was not 
recognized until the coherent eddies were discovered, and 
various hypotheses regarding instabilities of the mean flow 
and the turbulence were suggested to account for the large- 
scale motions. 

The mechanism of entrainment suggested by recent studies 
of the wake 10 and mixing layer" is illustrated in Fig. 1. The 
motion of the surface, which is the exposed side of a large, 
rotating eddy, displaces the surrounding fluid much as air is 
displaced by a swelling ocean wave. There is an interface for 
the turbulent vorticity that is kept sharp by the action of the 
large eddy in bringing high-intensity turbulence to the surface 
from the interior of the flow. At the interface, viscosity 
diffuses the turbulent vorticity, thus retarding the motion of 
the external flow relative to the surface. The decelerated fluid 
is then entrained into the turbulent core of the flow by the 
rotation of the large eddy. The newly entrained fluid is not 
immediately diffused by the other scales of the turbulence blit 
continues to rotate with the large eddy. 

This large eddy mechanism is consistent with earlier ob- 
servations and, indeed, accounts for them. The convection of 
turbulent fluid to the surface and newly entrained fluid into 
the core would appear as a process of engulfment. In fact, 
Grant J reported an approximate periodicity in the occurrence 
of the “mixing jets” and associated a circular motion with 
each of them. The interface is kept sharp by this same rotation 
of the large eddies, rather than by the process of gradient 
steepening supposed by the superlayer hypothesis. Finally, the 
adjustment to the requirements of self-preservation is ac- 
complished by the large eddies which are in what Townsend 
called a state of moving equilibrium, increasing in scale at the 
same rate as the mean flow diffuses. 

In view of the significant role the large vortices have in the 
development of the mean flow, it is perhaps surprising that 
the permanence of these eddies was not detected sooner, 
especially in the wake of the cylinder, which has been so much 
studied. However, as seen in the photographs of Papailiou 
and Lykoudis, 12 the effect of these vortices is to cause a 
periodic variation in the direction of the mean velocity vector. 
Such variations cannot be detected by a single hot-wire sensor 
parallel to the cylinder axis, since the sensor responds to 
changes in the magnitude, but not the direction, of the 
velocity vector. 

To substantiate the visual evidence in these experiments 12 
the U and V components of velocity in the wake of a glass 
cylinder 0,635 cm in diam and 45 cm long were measured with 



Fig. 1 Entrainment occurs by the enfolding action of the large eddies 
within the surface "waves”. 
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Fig. 2 Spectra of the fluctuating velocity components in the wake of 
a cylinder at Re= 10,000 and x Id = 50. 


a Thermo-Systems linearized anemometer and an X probe. 
The wind tunnel used was of the open return type; the test 
section has a circular cross section 45 cm in diam and 360 cm 
long. Figure 2 shows the turbulence components on the wake 
centerline 50 diam behind the cylinder, where the flow' was 
generally considered to be fully turbulent. The Reynold’s 
number is 10,000. Although the U component does appear to 
be completely turbulent, the V component clearly shows 
periodic oscillations. These oscillations correspond to the 
shedding frequency; that is, they occur at the first subhar- 
monic. The anemometer signal was also analyzed with a 
Nelson-Ross spectrum analyzer. These spectra are also shown 
in the figure. The subharmonic is apparent in the spectrum of 
the V component, but its existence is masked in the U com- 
ponent. The range of this behavior was not established, due to 
limits on the speed of the tunnel and length of the test section, 
but similar oscillations were seen as far as 350 diam behind 
the cylinder and at Reynolds numbers up to 70,000. 

IV. Conclusions 

From a critical re-examination of the assumptions and 
implications of the superlayer hypothesis, we have concluded 
that entrainment is a process that more nearly resembles a 
folding of the turbulent and nonturbulent fluids by the 
rotation of the large eddies. This mechanism is suggested by 
recent observations of the coherent eddies in wakes and 
mixing layers and provides a unified explanation of the 
nibbling and engulfing mechanisms that have been proposed. 
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Increased Turbulent Jet Mixing Rates 
Obtained by Self-Excited Acoustic 
Oscillations 

A new device, capable of greatly increasing subsonic jet mixing rales, has been dis- 
covered. This device, which we have named the “whistler nozzle,” consists of a conver- 
gent nozzle section , a constant area section, and a step change to an exit section with a 
larger constant area. The exit section excites a standing acoustic wave in the constant 
area section, in a way similar to the action of an organ pipe. The result of this re- 
sonance is a loud pure tone and a greatly increased rate of jet mixing. The increased 
mixing rates appear related to the acoustically stimulated vortex shedding character 
(large scale structure or superturbulence) obsened by Crow and Champagne [/]* in 
their pioneering study of jets excited by a loudspeaker, and others utilizing upstream 
valves and pistons, except that the whistler nozzle is self -excited. The standing wave 
and the resulting increased mixing rates occur for a wide range of exit plane configura- 
tions and jet parameters. 


During the course of our investigations of the factors influenc- 
ing jet mixing rates, we discovered a device that we call the 
whistler nozzle, which greatly increases jet mixing rates. The 
basic whistler nozzle configuration consists of a convergent noz- 
zle, a constant area section (this diameter is Dy), and an abrupt 
backstep (Fig. 1). Most of the geometries used were axisym- 
metric; the proper length required to produce the resonant be- 
havior ( Ly in Fig. 1) for a given step height (//) was determined 
experimentally by sliding a collar (0) over the basic nozzle 
cylinder. Exact geometric location is not critical (the collar can 
be moved several hundredths of a diameter without destroying 
the process). Rectangular nozzles with an aspect ratio up to 
about three have also been tested, but a purely planar whistler 
nozzle has not yet been produced. 

When the proper geometry is selected, a loud pure tone is 
emitted and the jet mixing rate is greatly increased. Further de- 
tails of our experiments are given later in this report, but qualita- 
tively the most outstanding characteristic of the whistler nozzle 
is the increased mixing and turbulence level produced in the jet 
as it entrains the surrounding fluid. 

Acoustical stimulation of a jet plume as a means of increasing 
entrainment is not a new idea. Crow and Champagne [1] gen- 
erated discrete frequency sound waves with a loudspeaker lo- 
cated upstream of their plenum chamber; by taking advantage of 
plenum chamber resonances, they were able to produce exit plane 
sinusoidal fluctuations in velocity up to 5 percent of the core 
velocity at specific frequencies. In more recent work. Binder and 
Favre- Mari net, 12] and Curtet and Gerard j3] utilized a routing 
butterfly valve and an oscillating piston, respectively, in the air 
supply to cause oscillations in the jet exit velocity that could be 
very large. The whistler nozzle, on the other hand, has produced 
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fluctuations as high as 15 percent, and more significantly, it 
does so without any external input. The increased mixing rate 
that characterizes the performance of the whistler nozzle is pro- 
duced by this large self-excited velocity fluctuation and the way 
in which this fluctuation interacts with the exit-lip geometry. 
The basic oscillating behavior is a standing acoustic wave with 
open-open boundary conditions (organ-piping) in the straight 
length of nozzle. Generally the half-wave mode is excited, but 
occasionally the full- wave or full- wave and half-wave simul- 
taneously are excited. 

While our knowledge of the behavior of the whistler nozzle is 
not far enough advanced to Allow optimum design or performance 
predictions for any given application, the ability to increase tur- 
bulent mixing rates so greatly suggests a number of applications. 
Several fluid dynamic problems of vertical- and short-takeoff 
(V/STOL) aircraft could benefit from increased turbulent mixing 
rales. The reduced size and weight of thrust augmenting ejectors 
that can be obtained by increasing the turbulent mixing rale has 
been demonstrated by Quinn (4). While the benefits of decreased 
size and weight are obvious for aircraft application, it is also 
likely that a lower cost will result for commercial ground based 
ejectors, especially for the simple geometry of the whistler noz- 
zle. Increased turbulent mixing rates could abo contribute to 
improvements in the flow beneath V/STOL aircraft in ground 
effect, such as decreasing ground heating and erosion effects. 

Another possible application is in the suppression of aircraft 
exhaust plume detectability. More rapid mixing of the plume 
with the surrounding air results in a smaller cross section of 
properties such as IR emission. In this application the ability to 
vary the plume geometry easily and apply the whistling effect 
only when needed, might have special importance. Jet engine 
combustors and chemical lasers are additional areas where the 
increased mixing rates hold the promise of improved performance 
and/or reduced size and weight. A new class of fluidic element* 
could be created based on the whistler nozzle. Controlled sinus- 
oidal signals can be generated fluidically and used as a basis for 
AC-type or digital-type fluid systems. A movable whistler collar 
can be used as a mechanical-lo-fluidic switch, or control jets can 
be used to switch the whistling behavior on and off. Many other 


features of the whistler behavior may lead to other fluid concepts. 

The role that the acoustic output generated by tiie whistler 
nozzle will play in any of these applications is uncertain. We 
have not yet attempted to determine geometries that minimize 
noise while still increasing the mixing rates. 

In the following sections we present detailed experimental re- 
sults for the basic whistler nozzle geometries that we have 
tested. Also included are results for various perturbations of the 
basic geometry. 

Experimental Facility 

The results presented in this report were obtained in the 
Grumman Research Department Jet Mixing Laboratory. T1>e 
apparatus utilizes a centrifugal fan discharging through a dif- 
fuser into a two-foot (0.8 meter) square settling chamber con- 
taining a honeycomb straightener and turbulence-damping 
screens. A velocity of 180 feet/seoond (54 m/sec) was used in 
most of the reported results and may be assumed unless other- 
wise explicitly stated. The nozzle consists of a one-inch (2.54 cm) 
diameter ASME flow metering nozzle (elliptical contour shape) 
followed by cons tan t^area sections of varying length. These 
constant-area sections were provided for a study of the effects 
of the initial boundary layer on jet mixing, but they also allow 
us to vary the organ-pipe frequency. 

Our instrumentation consisted of a constant temperature 
anemometer, linearizer and hot film probes, oil-filled manometers, 
an x-y recorder, an osdlloecope, and a digital voltmeter. Probe 
traversing locations were determined from the readout of a po- 
tentiometer geared to the probe support shaft. The usual pro- 
cedure was to run a continuous traverse at approximately l /rin 
(1.22 cm) per minute and record the probe position and output 
signals (mean velocity or RMS level) directly on the z~y recorder. 
Frequencies were determined by overlaying the probe output 
with the output of a signal generator on the oscilloscope screen. 
F.xperimental uncertainty was estimated by measuring the vari- 
ables by several methods and comparing results. Primary 
quantities such as pressure, length, etc., are estimated at ± 1 
percent. Velocities from hot wire measurements are ± 3 peroent 
and frequency measurements ± 5 percent. In general, tlie results 
on basic jet mixing (center-line decay and jet spreading rates) 
that we have obtained in this laboratory have agreed well with 
the summary of results collected and presented by Harsha (5]. 

Experimental Results 

Basic Axlsymcnatrlc Whlsttar NoriU Result*. The original whis- 
tler nozzle was an axisymmetric nozzle haring a constant area 
section from three to twelve diameters in length, followed by a 
backstep-typc expansion (Fig. 1). Almost all of the quantitative 
data obtained to date arc concerned with this basic geometry. 
A synopsis of the experimental results is presented below. Our 
investigation of other geometries has been primarily qualitative. 
A discussion of the results of this aspect of our work is also pre- 
sented. The basic oscillation is an organ piping of the constant 
area nozzle section, with open-open boundary conditions. The 
forcing, or coupling, effect of the whistler backstep section has 
not been studied in sufficient detail to accurately describe the 
process. Our feeling is that the whistler length (Lw) is such that 
neither a simple free jet flow nor an annular base flow can occur. 
When the outer shear layer of the jet flows past, but dose to the 
end of the whistler section, the entrained flow cannot be replaced 
rapidly enough and the pressure in the backstep region is lowered, 
turning the jet outward at its exit. When the shear layer over 
this backstep base region forms a reattachment point on the 
whistler surface, more mass is returned to the base region than 
the shear layer entrains and the reattachment point again moves 
off the end of the whistler. While even a quasistatic explanation 
of this sort seems to explain the effect, we also feel that the dy- 
namics of the base flow oscillation play an important role in the 
coupling process. 

Quantitative data on the effects of the whistler nozzlo on jet 
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mixing have been obtained only for one-inch (2.54 cm) diameter 
jets. Figs. 2 and 3 illustrate the basic effects of the whistler noz- 
zle on jet mixing characteristics. The decay of velocity along the 
jet center-line for both the basic jet (backstep retracted to exit 
plane) and whistler nozzle is shown in Fig. 2(a). Fig. 2(h) shows 
(he growth and decay of velocity rms levels and Fig. 2(c) shows 
the increase in mass flux. These results are essentially the same 
as tiie corresponding results of Crow and Champagne, except 
that the whistler exhibits a more pronounced decay in axial 
velocity than was achieved by using a loudspeaker. 

The decay and spreading of the whistler forced jet are also 
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Fig. 2(») Centerline velocity decay 
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Fig. 2(c) Mass Flux 

Fig. Z Whistler nozzle effects on jet mixing 

similar to the forced oscillation case of Binder and Favre-Marinet 
(reference [2]) but this comparison is more difficult to make since 
their unforced jet spreads and decays more slowly than ours. 

The large RMS fluctuation levels shown in Fig. 2(6) for the 
whistler jet are not turbulence. The oscillations begin at the 
nozzle exit as pure sinusoidal oscillations, and break down 
gradually into turbulence as the flow moves downstream. A 
quantitative example of this observation is given in reference (2). 

Integration of our profiles yields a variation of mass flow with 
axial distance (Fig. 2(c)) which is also similar to but larger than 
that presented by Crow and Champagne. This suggests that the 
primary mechanisms involved in the increased mixing rates are 
the same. The exit velocity fluctuations couple with the super- 
turbulence (orderly large scale vortex-ring-like structure, see 
reference {3]) and lead to rapid mixing in the initial regions of the 
jet. Fig. 3 illustrates the general observation that the effect of the 
whistler on the mean velocity profiles is a general increase in 
mixing rates, with no unusual profiles resulting. 

Crow and Champagne’s interpretation of their data indicates 
that the mixing characteristics of acoustically forced subsonic 
jels are sensitive to two frequencies: those characterized by the 
Strouhal numbers St = fD/U = 0.3 and 0.6. However, it is 
particularly difficult to summarize with a single parameter the 
mixing lichavior of an entire jet plume under conditions of 
augmented mixing. 

Crow and Champagne chose the center-line velocity at four 
diameters downstream as the parameter to characterize the mix- 
ing resiKmsc of the jet to various excitation amplitudes and fre- 
quencies. It appears from our data that this choice is an over- 
simplification that leads to erroneous conclusions about the mix- 
ing response of the jet plume as a whole in the forced case. Our 
research with the whistler nozzle has shown that the near region 
of the jet (0 < X/D < G) is particularly sensitive to acoustic 
forcing, and often exhibits rather unusual behavior. Fig. 4 is a 
graphic illustration of how one's conclusions about the mixing 
of a jet are dejiendent upon the particular axial observation 
station. At four diameters downstream (Crow and Champagne’s 
observation stations) the forcing at St = 0.33-S ± 0.017 produces 
the greatest change in velocity; at two diameters St = 0.553 


r 0.028 produces the largest change of the three; at seven di- 
ameters the St — 0.463 ± 0.023 produces the largest effect. 
Using the virtual origin shift as a measure of enhanced mixing 
rate, rather than the center-line velocity at X/D — 4, we did not. 
observe the jet to lie overly sensitive at the Strouhal mimlicrs 
St — 0.3 and St — 0.6; instead, the whistler seems to enhance 
mixing without regard to the Strouhal number over the range in- 
vestigated (0.25 < St < 0.65). This observation is also borne 
out by the results of reference (2] at St = 0.18. The key point 
is that although the local behavior (such as center-line velocity 
in tlie near field of the jet) exhibits a preferential response to 
forcing at certain Strouhal numbers, the gross mixing behavior is 
essentially independent of the Strouhal number over the interval 
in question. More work is required on the effects of Strouhal 
number and magnitude of the forcing oscillations. Crow ami 
Champagne were restricted to resonant frequencies while they 
could vary magnitude (at least below 2 percent RMS) whilo we 
could have produced almost any frequency by changing pijie 
length (b.v) but had little control over the magnitude. Binder 
and Favre-Marinet could vary both, but report results only for 
St - 0.18. 

Effect of Whistfer Axial Location. The basic geometry used 
during most of our whistler experiments consisted of a whistler 
section that slid over the basic straight nozzle sections. As the 
whistler section was extended from the nozzle exit plane, a loca- 
tion was readied where a loud tone was produced and enhanced 
mixing behavior was observed. Wlien the whistler section was 
extended further the whistling stopped. However, there were 
often one or two further extended stations where the whistler 
nozzle behavior was again encountered. We designal cd the first 
position (closest to (he nozzle exit) as a "first position” whistler, 
and successively more distant locations as “second position," 
“third position," etc. All data presented in other sections of this 
report, unless otherwise noted, are first position whistler data. 
In all cases the basic oscillation was an organ piping with the 
frequency determined by the basic nozzle length (Ly) and an 
open-open boundary condition, sometimes in a half wave mode 
and sometimes in a full wave mode. 

Many attempts were made at correlating the location of the 
whistler collar, the diameter of the whistler section, the .straight 
nozzle length, etc. No general law’s of behavior were determined. 
The relationships between whistler position, pipe length, whistler 
diameter, and frequency Are summarized, in Tables 1 and 2. We 
see no obvious relation between the oscillation mode and the 
collar position; the phenomenon is, however, repeatable in that 
the nozzle always produces the same oscillation mode and fre- 
quency for a particular collar position. 

Further experiments were then conducted to determine the 
effect of the second position whistler location on mixing rales. 
Fig. 5 shows comparisons of first and second position whistlers 
on the 8 in. (20.3 cm) and 12 in. (20.5 cm) pqics. A difference 
docs exist in Iwth cases, but again no general correlation behavior 
can be determined. The second position whistler modified the 
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behavior iu the core region for both nozzles, and results in a faster 
mixing for the 12 in. (30.5 cm) nozzle and a slower mixing for 
the 8 in. (20.3 cm) nozzle. Note that in these tests a change from 
the first to second position whistler changed the frequency (and 
hence the Strouhal number), the RMS exit oscillation level, and 
the mean velocity and its gradient at the basic jet exit. 

Effect of WhUtfer Sfep Holght on Mixing. A series of experi- 
ments were performed to determine the effect of the step height 
(whistler diameter) on the mixing rates. Emphasis was placed on 
determining the size that produced a maximum increase iu mix- 
ing rate. A second objective was to determine the minimum size 
that would still produce the whistler effect, since for many ap- 
plications a small size could be beneficial. The results of these 
experiments are shown in Fig. 6. The maximum effect on center- 
line velocity decay and j>eak turbulence level is produced by a 
1-3/8 to 1-1/2 Dy whistler diameter. A 1-1/8 Dy whistler diam- 
eter, the smallest we could conveniently construct, also produced 
a considerable whistler effect. Since we worked only with one- 
inch (2.54 cm) dia. basic nozzles we do not know if the appro- 
priate scaling parameter is Dw/Dy or H divided by some other 
length parameter such as boundary layer thickness. 

Effect of WhUtfer on Flow Rato. It was generally observed that 
the center-line velocity at the exit of the basic jet was increased 
by ojieration of the whistler, but that it dropped to approximately 
I he original (nonwhistling) exit velocity at the exit of the whis- 
tler. This resulted in large velocity gradients in some cases. 
Since Crow and Champagne did not measure velocity upstream 
of the exit, we do not know if a similar increase in mean velocity 
was produced in their forcing of oscillations with a loudspeaker. 
Examination of their plots of velocity downstream of the exit 
does show a gradient of center-line velocity at the exit for the 
forced case. Therefore, it is possible that the same general l>e- 
hnvior occurs for this aspect of both the speaker-forced and the 
whistler-induced flow fields. 

Other Geometries. 

Ejector Whistler. The ejector whistler (see Fig. 7) is so named 
lwCHMse of its similarity in ap|>earHnce to a conventional ejector. 
This configuration was not designed to function as an ejector, 
however, but to relieve the low pressure occurring in the backstep 
region of the original whistler geometry. Reduction of this low 
pressure could lie important for propulsion applications. The 
ejector whistler did work, producing almost as great an increase 
in mixing rates as the original whistler nozzle while at the same 
time relieving the low base pressure. The exit velocity for t lie 
ejector whistler is well lie.low the exit velocity for the basic 
whistler; this is a direct reflection of the change in exit plane 
pressure. Studies of the effectiveness of this arrangement as an 
ejector have not been conducted. 

Nonaxisymmetric Cases. We have studied square and rec- 
tangular whistler nozzles, but a truly two dimensional whistler 
apparently will not function. Our first attempt* at producing n 
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tine two dimensional whist ler nozzle were unsuccessful. Suit- 
sequent ly, we experimented to determine the decree of axial 
symmetry needed to produce the whistler effect. A circular 
plexiglass pipe was flattened, producing a “square with round 
corners” exit cross section. This configuration again produced 
the whistler behavior using a whistler section similarly con- 
structed. A rectangular exit nozzle was then constructed with 
an «S|>cct ratio of about three. This nozzle could lie made to 
whistle w'hcn the whistler section had an outward step in all 
four directions. However, when the whistler section was ex- 
panded in only two opposite directions the whistling did not 
occur. Apparently a vortex ring effect is necessary to produce 
the whistler phenomenon. 

Conclusions and Recommendations 

The most important feature of this investigation is the ex- 
istence of the whistler nozzle phenomenon. The ability to obtain 
increased mixing rates without a loudspeaker or similar active 
input device opens many possibilities for applications to large 
scale engineering devices (such as aircraft exhaust plumes). 
A feature of the observed behavior that also contributes to pos- 
sible applications is the fact that many variations of the basic 
geometry can be made while still producing the whistler effect. 
The role that the noise it generates will play in applications is 
not known at present. 

The correlation of the observed whistler nozzle frequencies 
with the ideal organ pipe frequencies seems to verify tho basic 
oscillation character. In addition, we have performed measure- 
ments of the RMS velocity levels inside the straight section of the 
nozzle which also support this model of the behavior. 

One conclusion that arises from the organ piping aspects of the 
whistler nozzle is that this effect apparently cannot be produced 
with a sonic or supersonic nozzle exit velocity. Even though 
this argument is plausible, the value of applying the whistler 
nozzle to aircraft with sonic exit flow conditions suggests that 
attempts to cause a sonic jet to whistle arc worthwhile. It is 
possible that the acoustic oscillations could be produced in a con- 
stant area subsonic passage upstream of the final sonic exit plane 
and still result in increased jet mixing. 

Another area important for future investigation is to gain an 
understanding of the excitation process that occurs at the whistler 
lip. At present, we think that a separation real tachmenl cycle 
in the lip region couples with the organ pipe oscillation. The 
deUils and scaling laws of this behavior deserve further study. 
The inability to produce a two dimensional whistler nozzle is 
almost certainly coupled with the excitation process at the lip. 
This phenomenon also warrants future study. 
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I. Introduction 

C ONSIDERABLE research effort is being exerted to 
develop jet flows with higher entrainment than encount- 
ered in steady jets. Such efforts are highly empirical as the 
basic entrainment mechanism is not well understood. It is 
generally accepted that irrotational fluid which acquires 
vorticity is said to have been entrained. The entrainment 
process is, therefore, one of vorticity propagation by viscous 
action. Controversy exists, however, concerning the manner 
in which this takes place, 1 although the general belief is that 
the large structure of the turbulent/nonturbulent interface is a 
significant factor in the whole process. 13 

Comparison of different types of flows to permit conclu- 
sions concerning the effect of flow structure on entrainment is 
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difficult, but some qualitative differences between the large 
interfacial structures for wakes and boundary layers to ac- 
count for their different entrainment characteristics have been 
postulated. 3 Recently reported measurements 4 show that the 
entrainment and entrainment rate of a fully pulsed subsonic 
air jet are considerably higher than for a steady jet. The 
physical reasons for such an increase have not been shown so 
far, but are now believed to be due to a significant increase in 
thesizeof the jet structure consequent upon the pulsation. 

II. Pulsed Jel Description 

The fully pulsed jet to be considered was produced by a 
rotating valve 4 which opened for one-third of each revolution 
© American Institute of Aeronautics and Astronautics, Inc., 1978. 
All rights reserved. 



to resemble those of steady jets. It is not surprising then that 
the radial and axial intrinsic turbulence intensity distributions 
for a large part of the flow are identical to those of steady 
jets. 4 A similar equivalence has been observed for basic- 
statistical parameters such as the skewness and flatness of the 
intrinsic turbulence. A noticeable exception to this, however, 
is the region within ten exit diameters from the jet exit where 
the intrinsic turbulence for the fully pulsed jet is significantly 
higher than for its steady counterpart. 

III. Correlation Measurements in a Pulsed Jet 

Space-time correlations are required for the accurate 
measurement of spatial structure of a nonfrozen, turbulent 
field. If Taylor’s hypothesis can be applied, it is sufficient to 
measure single-point autocorrelations from which spatial 
information can be inferred if the local mean velocity is 
known. At the interface between turbulent and nonturbulent 
fluid it is known that Taylor’s hypothesis breaks down, but 
the difference between the convection velocity of the turbulent 
field and the local mean velocity is not large. 3 - 6 For indicative 
results, the use of Taylor’s hypothesis is, therefore, a 
reasonable approximation. Furthermore, if it is assumed that 
the bulk of the entrainment is due to the propagation of 
vorticity by the intrinsic turbulence, only this component is of 
further interest. Such an assumption is justified as the 
pseudoturbulence component is likely to introduce only 
irrotational fluctuations which are not part of the entrained 
flow. 

For the pulsed jet intrinsic turbulence, the nonstationary 
autocorrelation coefficient defined by 
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must be introduced due to the presence of the pseudotur- 
bulence component. 

Alternatively, this can be rewritten as 
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For stationary signals, R' u (t p ,t) becomes independent of 

V , , — 

Measurements indicate that for the pulsed jet u ( r ; , ) 
/U p (t p ) is nearly independent of t p , particularly after the 
peak velocity point in the cycle, so that Eq. (2) reduces to 


R/I ( t,„t ) ~[U p (T p ) /U p {t p + t)]R' ,1 (t p ,t) 


( 4 ) 


so that pulses of fluid were well separated from neighboring 
upstream and downstream ones. A typical hot-wire signal 
obtained at some downstream point is sketched in Fig. 1. For 
a fully pulsed jet, /, < t p . The time mean velocity U at the jet 
exit was 36.6 m/s. U p is the periodic or total pseudotur- 
bulence component of the signal obtained by ensemble- 
averaging the total instantaneous velocity, U n over many 
cycles at time r p from the beginning of the pulsating cycle. 
Fluctuating velocities of much higher frequency than the 
frequency of pulsation are found superimposed on the 
pseudoturbulence component. These constitute the intrinsic- 
turbulence u 1 which , combined with the pseudoturbulence u , 
results in the total or aggregate turbulence, u. Since r p was 


measured relative to the time of valve opening, it follows thatl 
the intrinsic turbulence includes all shear-generated tur- 
bulence as well as any unsteadiness associated with the 
pseudoturbulence. 

A shaping orifice of 25.4-mm diam d was placed at the jet 
exit to ensure axisymmetric flow and to give a fixed exit size. 
Flow Strouhal numbers St based on this diameter, the mean 
exit velocity, and frequency of pulsation were 0.0071 (10 Hz 
tests) and 0.0176 (25 Hz tests). These Strouhal numbers are 
well below the natural Strouhal number (57 = 0.3) of steady 
jets, 5 so that many of the jet’s characteristics can be expected 
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al Radial variation of autocorrelations of intrinsic turbulence. For 

full) pulsed jet, 7 x/d = l , 57 = 0.0176: r/r,.,= 0, 

r/r, : =0.8, r/r,. = 1.6. 



I>) Axial variation of autocorrelations of intrinsic turbulence at 

nr. =0. For fulls pulsed jet, 7 57 = 0.0176: x/d=l, 

.< </ II. x/d = 17. 

lig. 2 Far field, steady round jet 6 : — . Mixing region of 

stead) plane jet* (moving avis autocorrelation) 


Furthermore, for values of r of interest, where R n (T p ,T) is 
significantly greater than zero, it is found that t<i, and 
U p (r ;) > = U p (T p + t) so that R u (t ; ,,t) ~R' n ( t ; ,,t). When 
replacing the time delay, r, with the normalized one 
; l )./ x . it is found that in the far - fie I ci region of steady 
jets R i, ( r p , tU r ( t v ) lx) is independent of r , and is also self- 
preserving . 6 

Measurements of R 1 n (t p ,tU p ( t ) lx) were made in the 
fully pulsed jet using a hot-wire anemometer and an EA1 
Pacer 600 hybrid computer for subsequent signal analysis. 7 
Typical results are shown in Figs. 2a and 2b where ,v is the 
distance from the exit orifice. R 1 ,, (t p ,t(J p (t )/x) was 
found to be almost independent of t ; , in the region of the 
signal after the peak U p . Similar data obtained at x/d~ 11 
and 17, Fig. 2b, indicate that normalization of r with (.v + o) 
instead of ,v collapses onto a single curve the results at dif- 
ferent x/d for tU,(t ,) /x< 0.5 when a = 9.4d. This value of 
effective origin of the intrinsic turbulence agrees with that 
obtained for the mean velocity field. Results at St = 0.0071 are 
similar to those of Figs. 2a and 2b. 

Comparison with correlations in steady jets shows that time 
scales for the two types of jets differ by at least an order of 
magnitude. If Taylor’s hypothesis is assumed to apply to a 
first approximation, significantly longer length scales are 



50 implied for the intrinsic turbulence of the pulsed jet. This 
component of the pulsed jet turbulence is primarily due to the 
action of shearing forces and could, therefore, be expected to 
be similar to the turbulence of steady jets. It is noteworthy 
that a change of scaling of the time delay to allow for the 
upstream shift of the effective origin has relatively little effect 
on the preceding conclusion; whereas the approximation 
introduced by use of R 1 u (t p ,t) instead of R u (t p ,t) 
decreases the difference between the two types of jets hence 
yielding a conservative result. Another possible source of 
variation of Fig. 2 for the pulsed-jet correlations is the use of 
U p instead of the average of U p taken over the interval r p to 
t p +t as is required if Taylor’s hypothesis applies. However, 
since U p (r p ) and U p (t p +t) differ little over the highly 
correlated part of the delay interval no significant error 
results if U p (r p ) is used. Finally, if the true convection 
velocity is much larger than U p (t p ), better agreement be- 
tween the steady jet and pulsed jet scales would be obtained, 
but this would be inconsistent with convection velocity 
measurements in steady jets for which the convection velocity 
is only twice the local mean velocity at the largest r/r , A 
reported here. 6 For smaller radial distances the two velocities 
are almost equal. 

Assuming that a large streamwise length scale in the bulk of 
the flow also implies a large lateral spread of the surface 
indentations, leads to the conclusion that the mean velocity 
profile should have a larger tail in this region. Comparison of 
steady jet radial mean velocity profiles 6 which are well 
represented by 

U/U 0 =e-° 69Mrlr '-: )2 (5a) 

with fully pulsed jet profiles 4 represented by 

U/U 0 = [l + 0.44(r/r,,) 2 ]- 2 (5b) 

verifies this proposition, r ,, in these equations is the radial 
position, r , at which the mean streamwise velocity equals half 
the center-line value, U 0 . 

Unfortunately, direct comparison of the pulsed jet data is 
possible only with far-field steady data. However, if moving 
axis autocorrelations in the pulsed jet follow those in other 
flows, 8 then these will be much larger than the single-point 
autocorrelations of Fig. 2. It follows that such correlations 
would be much larger than similar ones obtained in steady 
mixing layers, Fig. 2, which is consistent with the preceding 
findings. 


IV. Conclusion 

Based on the assumption that entrainment of irrotational 
exterior fluid in pulsed jets is principally due to the intrinsic 
turbulence component, it may be concluded from 
autocorrelations of the intrinsic turbulence of fully pulsed jets 
that the size of the turbulent/nonturbulent interface in- 
dentations is significantly larger than for steady jets. In view 
of the generally accepted belief that the larger scale structure 
of this interface is related to the entrainment of irrotational 
exterior fluid, it is probable that the much larger entrainment 
of fully pulsed jets is a direct consequence of its larger en- 
trainment interface structure. 
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of 0-30. The St = 0-00 fundamental merely serves as an amplifier between the completion by setting St = 0-30 and varying uJU e and xjD. The reason for doing 

2 % surging in the exit plane and the 7-5 % surging downstream at the point of so is that the other procedures have left open questions about the eventual decay 

subharmonic formation. of orderly structure. Why do the intensities in figures 19 and 20 decay beyond the 

primary peaks? What effect does the damping have on the choice of a preferred 
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velocity of spatially growing waves, by contrast, always satisfies the inequality 
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Figure 1. Gas-injection schlicren photograph of a 2 in. diameter air jet at a speed of 280 ft/sec (courtesy of 
Bradshaw cl at. 1904). The Reynolds number is 3 x 10 5 . 
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Cot-tcrill, ‘ Applied Mechanics,’ p. 570. 


Tabic II. — Measured diameter of jet from 1-22 cm. thin-lipped orifice at varying values of the initial pressure and distance 
laecn THIN LIPPED ORIFICE. 121cm DIVERGING NOXXLE from the plane of the orifice. 
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fclSTANCL r ROM MOUTH OP NOZZLL IN CMS 
Fig. 14. — Pressure and Velocity Distribution Jet from No. 2 Orifice discharging into 
Atmosphere. Compare Plate 6, fig. 13. 
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of the llow m the grooved no/,/.los could not Ik: (lie same us with a 
until ra II v roughened smfuee. lie I houjfjd that view was supported 
by big. 28 , which was reproduced from a photograph taken by 
Messrs. Yarnell, Nailer, and Woodward at Iowa University * in 
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FLUID JETS AND THEIR PRACTICAL 
APPLICATIONS 

By PROFESSOR A. L. MELLANBY, D.Sc., M.I.Mech.E. 

Public Lecture delivered before the Institution on Friday. October 2G. 1928. in the Institution of Civil Enjinurs. 
Westminster. SHI'. 1. the President. Sir Alexander Gibb., G.B.E.. C.H.. in the chair 


The study of jet action has. of late years, assumed 
great importance owing to the large extent to which 
it is now employed in engineering processes. The 
primary cause of the great interest shown in this 
subject must be attributed to the development of 
the steam turbine, where the transformation of the 
heat of the steam into useful work is accomplished 
by an intermediate transformation into kinetic 
energy. The best way of making this change is the 
starting ]x>int from which originated the vast amount 
of research work njx:m steam nozzles now being 
carried out in this country, the Continent, and 
America. Apart from turbine applications, however, 
many other types of engineering plant depend for 
their efficient design upon a clear conception of jet 
flow. The old established steam injector used for 
boiler feed supply is one of the best known illustra- 
tions, while closely allied to it are the series of 
devices for vacuum production or for extracting and 
delivering at a specific pressure one fluid by the 
action of another fluid moving at a high velocity. 

The subject of which I wish to s]K*ak this evening 
may be best dcvelojxtl by starting with a few simple 
illustrations of what takes place when a fluid is 
caused to flow from a region of high to one of lou 
pressure through a simple orifice. Once the laws 
governing the pressure drop arc recognised the 
features of the more complicated industrial applica- 
tions will become much clearer. 

From the experimental point of view the subject 
appears to have been attacked first by Napier in 
1807. When passing steam at a definite pressure 
through an orifice into a chamber maintained at 
some lower pressure he found that the amount of 
steam passing through the orifice was a maximum 
when the pressure in the chamber was about half 
t he value of the pressure at admission to the orifice. 
Any lowering of this back pressure produced no 
increase in tbe steam flow. 

The full explanation of this experimental observa- 
tion was not forthcoming until 1SSG. when Osborne 
Reynolds showed that in a nozzle of varying section 
the velocity at the minimum section could not exceed 
the velocity of sound in the fluid. It therefore 
followed that, taking for example the simplest kind 
of orifice with rounded entry, the lowest possible 
pressure at the exit of the orifice itself would be 
equal to that at winch the pressure drop would 
produce a gas speed equal to the velocity of sound 
in the gas. Any further lowering of the pressure in 
the chamber would have no effect upon the pressure 
«t the orifice exit and, consequently, the amount of fluid 
discharged would remain unaltered. From theoretical 
considerations it can be shown that, for frirtionle>- 
adiabatic flow, this critical pressure will be equal to 
about half the initial pressure, confirming therefore 
the original observation made by Napier. 

A method of measuring the pressure drop along 
the axis of an orifice or nozzle was originated by 
Prof. Stodola of Zurich, who inserted a search tube 
with a very small hole in its side into a nozzle through 
which steam was discharging. One end of the tube 
was closed and the other end connected to a pressure- 
gauge, so that by traversing the tube along the 
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nozzle the pressures at tbe points occupied by the; 
small hole could be successively observed, (oven 
therefore this ]>os.sibility of tracing the pre-.-ure 
drop along the axis of a nozzle, it is considered that 
the principal features of fluid flow can b.-st be 


described by a few such illustrations. The -Amplest 
ea«e is shown in Fig. 1. where the pressure -drop 
curves. a-- determined by the search-tube method, 
are presented for a convergent nozzle. The ordinates 
indicate not actual pressures but pressure ratios, a 
method of plotting which jtossesses several ad\un- 
tagt-s. Each of the two up|*T curves -hows a 
gradual drop right down to the chamljer pressure. 
When, however the chamber pressure is brought, 
down to about 0.25 of the initial pressure, the pressure 
at the end of the nozzle does not fall below 0.5$ of 
the initial pressure. Even with a still lower back 
pressure the nozzle pressure remains fixed, thus 
confirming Reynolds' statement. For superheated 
steam, used in this experiment, the critical pressure 
for frictionless adiabatic flow is 0.55 I\ and it is of 
some interest to note that the lowest pressure to 
which the steam will fall before leaving the nozzle 
L 0.5S Pj. 

In Fig. 2 the curves for a convergent parallel 
nozzle are presented. The same general features an- 
te be observed ; with high chamlier pressures the 
nozzle is able to expand the steam practically to the 
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Fig. 2. 

back pressure, with the chamber pressures lower 
than the critical the expansion limit of the nozzle is 
clearly shown. In this case it will be noted that 
the lowest pressure at the end of the nozzle is about 
o.5 P, while, as before, the critical pressure for fric- 
tionless flow is 0.55 P,. This lower pressure for the 
actual nozzle is, however, to be expected. The long 
nozzle now under consideration has a comparative! v 
large surface and consequently offers greater frictional 
resistance to the steam than did nozzle No. 1. In 
both eases the pressure drop is that necessary to 
produce the velocity of sound and obviously the 
greater the resistance the greater the pressure drop 
necessary to generate the same speed. 

This feature of the relationship between pressure 
diop ami critical speed is perhaps more completely 
illustrated by Figs. 8 and 4. In Fig. 3 the pressure- 
drop curves for two parallel nozzles are given. In 
both eases expansion was from the same initial to the 
same final pressure. Given frietionless flow the 
velocity generated in each nozzle would have V-'-n 
the same. Actually the velocity at the end of the 
longer nozzle was appreciably less than that found 
at the end of the short one, as shown by the full lines 
marked Nozzle I and Nozzle 2, respectively. The 
oa.-<- where the total pressure drop is greater than the 
critical is shown for three* nozzles in Fig. 4. In each 
of these three examples the nozzle is able to expand 
the steam to the limit fixed by the condition that the 
outlet velocity of the steam will be equal tc> the velo- 
city of sound in the steam, here about 1740 ft. per 
second. The effect of the increased resistance to 
flow produced by nozzle length can be seen by the 
end pressures, which, a? shown in the figure, .are 
O' 55 P„ 0.45 P,, O' 4 P. : again illustrating the fact 
that the longest nozzle requires the greatest pressure 
drop in order to give the steam the required speed. 
A further illustration of this point can be given by 
comparing the pressure drop curves for smooth and 
rough surfaced nozzles working under the same inlet 
and exhaust chamber conditions. The roughened 
nozzle will always show- the lower end pressure — pro- 
viding the chamber pressure is below the critical — due 
to the extra pressure drop required to overcome the 
greater frictional resistance in giving the steam the 
velocity of sound. 


If it is required to produce a nozzle in which the 
steam can expand to a pressure lower than the 
critical it becomes necessary to add a convergent 
tail, so giving what is generally called a convergent- 
divergent nozzle. With this type of nozzle the 
pressure drop phenomena are very different from 
those previously observed, and Fig. 5 indicates some 
of the most interesting features. It must be recog- 
nised that such a nozzle has only one definite pressure 
range within which it can work efficiently. Should 
the pressure range be either greater or Jess than the 
correct one the nozzle will not be working at its 
highest efficiency. 

The nozzle shown in Fig. 5 was designed to expand 
steam from a pressure P, down to a terminal pressure 
of 0 2 P,. The lowest curve shows that, with this 
pressure range, the expansion curve was steady and 
continuous. When the back pressure was raised 
above the proper value curves 2 and 3 resulted. Here 
it will be noticed that tin pressure- in the nozzle does 
not fall gradually to the outlet value, but that it first 
drops much below the back pressure, and that re- 
eompression then takes place right to the end of the 
nozzle. Even when the back pressure is so high as 
*>'75 P l there is still some over-expansion followed by 
recompression. 

The fact that the pressure at the throat is not 
affected until the back pressure is raised to the rela- 
tively high value of 0 75 P, indicates that the rate of 
steam flow through the nozzle remains constant be- 
tween this value of the buck pressure and the mini- 
mum value of 0 2 P,. It must not be assumed, how- 
ever, that this constant discharge indicates a con- 
stant efficiency. The extensive over-expansion and 
recoin pressi on entail severe losses and the curves show 
dearly, what has also been proved by actual turbine 
exjicrienee. that a nozzle of this type should not be 
run at a back pressure above that which allows a 
continuous fall of the pressure Jim-. Practical design 
ha- 1k*pii influenced by this to the extent that it is 
r. -.v coin in on to make the final area of the nozzle 
rather Jess than that given by calculation in order 
to have under -expansion rather than possible over- 
expansion with recompression. 

It will also !>e noted that the portions of the curves 
representing t he recompression process are shown by 
dotted lines. This is to indicate that, during this 
part of the process, the pressure readings were very 
unsteady ; the gauge pointer was in a state of con- 
tinuous vibration and occasional violent movements 
were observed. Another point to be observed is the 
low value of the pressure at the nozzle throat. With 
tile full convergence here provided there appears to 
be little reason why this pressure should not agree 
with the theoretical ratio of 0'55. So far as my own 
experience goes this agreement with theory never 
exists, although the actual throat value may vary 
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between fairly wide limits for different cases. The 
over-expansion at the nozzle throat would indicate 
that during the first period of expansion the jet leaves 
the nozzle walls and forms its own throat at the point 
where the pressure ratio is 0'5o. There is also prac- 
tical certainty that the jet leaves the walls during the 
recomprcssion jjeriod and that the space between 
the jet hotly and the nozzle surface is filled with 
eddies which do not contribute to the flow. Before 
leaving Fig. 5 attention might be called to the fact 
that here we have for the first time some indication 
of the action of the steam ejector. The low pressure 
portion followed by the reco repression, as shown in 
curve 3, suggests the possibility of taking in some 
outside fluid at the low pressure carrying this along 
with the steam and ejecting it at the terminal chamber 
pressure. 

In Fig. 6 is shown, in another fashion, the ill effects 
of using a divergent nozzle for ineorreet pressure 
ratios. From the pressure ratio curves it will be 
observed that in Nozzle 1 the pressure drop is con- 
tinuous. while for Nozzle 2 there is over-expansion 
followed by recorapression to the common back 
pressure. Theoretically the exit velocities should be 
the same in both cases, and the dotted lines show 
how these velocities would increase as the steam 
expanded along the nozzle. The actual velocities, 
obtained by experiment, are shown bv the full lines 
which illustrate how great must be- the losses pro- 
duced by the reconiprvssion effect. 

The losses during the recompression process have 
I teen closely studied by my colleague Professor 
W. Kerr and myself, and a method of analysis, which 
we think illustrates to a large extent the nature of 
the problems involved, has been devised. At the 
previous occasion on which I gave a lecture to this 
Institution, the imjxirtance of what was taking place 
during the compression of a fluid jet was emphasised, 
and 1 promised to devote further attention to this 
work with the object of giving what further informa- 
tion I might gather to a future meeting of the 
Institution. In what follows I shall endeavour to 
show what it has l>een jiossible to do and ho]»e to 
convince you that this work has thrown some light 
upon l lie action of the fluid ejector. Practically the 
whole of the experimental work to be described was 
carried out by one of my students, A. I). Third, 
Ph.D., as part of his research work, and credit is 
due to him for most of the experimental details. 

One of the first investigations was upon the re- 
compression action, and an experiment was devised 
with the object of finding whether the jet did leave the 
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walls after the over-expansion process had l>een com- 
pleted. For this purpose a divergent gun-metal 
nozzle was constructed with parallel glass faces. The 
internal faces of the glass were coated with a uniform 
til m of very viscous oi! and the nozzle placed between 
an are lamp and an ordinary camera. A compressor 
and reservoir tank provided a supply of high pressure 
air and. by connecting it to the reservoir, air at any 
predetermined initial pressure could be passed 
through the nozzle. Exposures were made during 
the air flow, and the results obtained are shown in 
Fig. 7. The light portions in the photographs repre- 
sent that part of the nozzle in which the air remained 
in close contact with the walls and either thinned or 
completely swept away the oil. The dark portions 
show where the jet had freed itself from the walls, 
leaving the oil film intact and so preventing the 
]>assage of the light. In all cases the air jet was 
delivered to the atmosphere, thus fixing the back 
pressure, and to obtain different pressure drops 
e.\j>eriments with different admission pressures were 
carried out. The corresponding pressure ratio curves 
are shown in Fig. S, and it is interesting to compare 
these with the previous figure, In the top figure where 
the supply pressure was 10 lb per sq. in. separation 
takes place well beyond the throat and at a point 
corresponding to that at which recompression is 
about to start in Fig. S. Similar relationships will 
be found in the other illustrations, and especially 
remarkable is that shown by the bottom photograph 
where the nozzle is shown to be full almost to the 
outlet when some breakaway is evident. 

Confirmation of this effect is also given by Fig. 9, 
where light from a point source lias been passed 
through the jet on to a screen, so rendering the com- 
pressions and rarefactions visible. In a case like this 
it is necessary to introduce some sharp object to 
create a well-defined, sound wave and in the example 
shown minute knife-edged projections were placed 
on opjjosite sides of the throat section. The waves 
formed by the obstructions in the nozzle travel across 
the jet and arc reflected from the other side. When, 
however, the jet leaves the walls of the nozzle no 
definite reflecting surface is available, .so that at the 
]»oints of recompression the waves Income suddenly 
weaker and ultimately disappear. A comparison of 
Fig. 9 with Figs. 7 and S will show a close coincidence 
in the points of divergence. The photographs of 
Fig. 9 would appear to indicate that an enormous 
contraction of the jet takes place at the throat, a 
contraction evidently out of all proportion to the 
diminutive projections. Measurements of the flow 
quantities showed, however, that no such contraction 
could have taken place, and the photographic effect 
must therefore l.»e attributed to the magnifying effect 
of the refraction of the light rays in such an area of 
steep density gradient. A practical inference to be 
drawn from these photographs is that waves must be 
well developed in cast or roughly finished nozzles, 
and that wave production and not friction alone may 
account for the low efficiencies of such nozzles when 
passing fluid at very high velocities. 

Practicai. Applications. 

It is in the steam turbine that the fluid jet finds 
its widest practical application, and an appreciation 
of the expansion processes already describ'd will 
make clear the main points of turbine desien. Ob- 
viously the amount of pressure drop allowed in each 
set of nozzles will determine, to a large extent, the 
main features of the turbine, since this will fix the 
number of stages, the sj>co<.i of the blading, and the 
overall efficiency. While it is not intended to say 
more than a few words upon this subject, attention 
might be directed towards the influence of what can 
be called the "quality of the jet " upon turbine per- 
formance. This is a branch of nozzle work to which 
little public attention seems to have been given, 
although its importance has been demonstrated in a 
paper* presented to the Institution of Mechanical 
Engineers by Professor W. Kerr. It is shown by 
I)r. Kerr that, for turbine work, the ideal jet leaving 
a nozzle should be parallel in form, symmetrical in 
section, clearly defined and solidly directed without 
tendency to dispersion. The actual jet at outlet 
inay, however, possess features quite different from 
those of the ideal. It may. for instance, be under- 
going a compression action, or freely expanding ; it 
may have been developed at an excessive rate of 
divergence, or have followed a path of extreme 
curvature. It should also be realised that the actual 
operation of a jet in turbine work is not truly repre- 
sented by the action on an impact plate. The jet 
works throughout the length of a blade passage, and 
lienee there is every opportunity for the development 
of any flaw in quality which may be inherent in the 
jet as supplied. The experiments of Professor Kerr 
show how important these features of jet quality are 
when applied to turbines and how- the losses are 
diminished when the proper degree of expansion is 
allowed. Reference to his original paper is strongly 
recommended to all interested in this phase of turbine 
design. 

Thk Ejector. 

It has been considered that the majority of the 
members of this Institution would be more inte- 
rested in the application of fluid jots to the with- 
drawal or delivery of other fluids and solids, and 
consequently the remainder of this lecture will be 
devoted to a study of the Air Ejector. 


* Jet Action in Turbine Jilflciu.j. Proceedings Institution 
of Mechanical Kncinoers HUM. 


Restricting ourselves to fluids alone, we may 
define the ejector as a pump in which one fluid is 
entrained by a jet of another fluid moving at a high 
velocity. The combined fluids are then compressed 
to the delivery pressure at the expense of the kinetic 
energy. 

As was the case with the preceding work, it may be 
claimed that the recent close study of ejector per- 
formance and its consequent improvement were in- 
fluenced largely by the progress in steam turbine 
practice. The necessity for a very high condenser 
vacuum directed attention to the simplest means of 
producing and keeping it, and in all modern stations 
it will be found that the ejector has proved the most 
suitable apparatus for such duties. In these cir- 
cumstances it is employed for the withdrawal of air 
from the condenser, and roust therefore lx- capable 
of working through a range represented by a vacuum 
of, say, 29 ins. of mercury and atmospheric pressure. 

It was early recognised that the most serious 
obstacle to the development of the ejector was the 
design of a suitable diffuser. Experience soon showed 
that a single stage ejector could not be conveniently 
employed for compression ratios greater than 8 to 1, 
since the diffuser throat diameter required for starting 
is much greater than that necessary for continuous 
working under the established conditions. 

How the compression ratio is influenced by the 
vacuum can be seen from the following figures. If a 
vacuum of 26 ins. has to be maintained under a 
barometer of 30 ins. the compression ratio will be 
practically ^=7- j. With a 2S-in. vacuum the com- 
pression ratio rises to ^=15, and with 29-in. vacuum 
to 30. The great difficulty attached to the production 
and maintenance of so high a vacuum as 29 ins. will 
be readily appreciated from these figures. 

The first successful application of the ejector as a 
vacuum producer for surface condensers was in the 
arrangement patented by Parsons, where the ejector 
worked in series with a reciprocating air pump. The 
ejector took care of the lowest pressure range, de- 
livering the air to the reciprocating pump, which 
then compressed and discharged it to the atmosphere. 
This led to the development of two-stage and ulti- 
mately three-stage ejectors where each unit could 
work, even under highest vacuum conditions, with a 
compression ratio well within its range, thus insuring 
stability as well as efficiency. 

It is remarkable that so little is understood about 
the working of the ejector. At one time it was 
generally accepted that the suction fluid was en- 
trained by friction, and this led to the adoption of a 
cluster of small bore nozzles, in place of a single jet, 
to increase the surface area of the working fluid. 
Latter!}’ the simple friction theory has fallen out of 
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favour, and it is suggested that the entrainment of 
the fluid is due to a natural tendency of the jet to 
overexpand on issuing from the nozzle*. In designing 
an injector advantage is taken of this property of the 
jet by allowing a limited quantity of the fluid to leak 
in at the point of lowest pressure. The ejector thus 
becomes similar in its action to that of a divergent 
nozzle working, at a back pressure above that for 
which it was designed. A difference is to be found in 
the condition that provision must be made for the 
entrainment and compression of an additional fluid. 

In the work which follows an account is given of a 
series of systematic observations upon the effect of 
the leading dimensions on the working of an air- 
operated ejector. From these observations attempts 
are made to find the most efficient arrangements for 
operating under given conditions. Air has been 
used both as the operating and the suction fluid, 
since this simplified not only the experimental 
arrangements but also the analysis of the losses that 
were developed during the action of the jet. 

A general idea of the changes involved mav be 
obtained from Fig. 10, the top diagram of which 
shows how the pressure falls and rises along the axis 
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of the ejector, and the lower diagram sh<v*s the 
corresponding changes on a heat-entropy chart. 
Expansion takes place between 1 and 2, and for 
most cases a nozzle of the convergent-divergent type 
is here required With frictionless adiabatic expan- 
sion the energy liberated and converted into kinetic 
energy would be represented by AB ! ; but due to 
frictional and other losses the energy actually 
liberated is AB, so that the ratio can It taken 
to represent the nozzle efficiency. 

With the low pressure induced by this expansion 
the external fluid can now be drawn in and the en- 
trainment stage is represented by 2 — 3. The assump- 
tion is made that there is no rise of pressure during 
entrainment, but there is a loss of kinetic energy 
during the process, and this is represented by the re- 
heating of the combined stream shown by CC : - 

The compression stage is shown by 3 — 4. At the 
point 3 the combined stream strikes the wall of the 
diffuser and compression starts. The shape of the 
diffuser will depend upon the velocity that has been 
generated. Should this velocity exceed the critical 
a convergent channel will be required for ihe first 
part of the compression. In this convergent portion 
the velocity will fall to the critical and the remainder 
of the compression must be performed in a divergent 




channel. A channel of the convergent -divergent type 
is shown in the figure. If the velocity of the stream 
is below the critical when compression commences 
the convergent part may be omitted. 

The work done in compression, together with the 
losses during the process and the residual kinetic 
energy at the end of the nozzle should be equivalent 
to the kinetic energy at 3. On the heat-entropy 
chart the compression stage is represented by 3 — 4. 
The energy required for frictionless adiabatic com- 
pression is shown by CD 1 , the energy actually rc- 
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quired by CD, so that the efficiency of compression is 
represented by the ratio 

Experimental Apparatus. 

The air available for the experiments was supplied 
to a large reservoir at a pressure of 100 lb per sq. in. 
Since the experiments were intended to cover a wide 
range of expansion, several nozzles were required, 
and these were made to the same standard so far as 


entry curve, throat -diameter and length were con- 
cerned. The different pressure ranges were accom- 
modated by using three such standard nozzles with 
different areas of outlet. The nozzles were screwed to 
fit a pipe which, machined and ground, passed 
through a gland in the combining chamber. The 
latter was in the shape of a circular box, to which 
also the diffuser was fitted. The whole apparatus 
could thus slide along the nozzle supply pipe, and by 
mounting it to a long horizontal arm pivoted at a 
swivel joint it was possible to measure the reaction 
of the air leaving the diffuser by means of a balance. 

Measurement of the air drawn in was effected by a 
series of standard nurtures leading into the com- 
bining chamber. A preliminary investigation was 
made to determine if the position of three apertures 
had any effect upon the working of the ejector. 
The conditions are illustrated by Fig. 11, which also 
shows in diagrammatic form the nozzle and diffuser 
arrangement. The first arrangement is shown in (u) : 
in (6) the positions are reversed ; in (c) the air is 
drawn in through a single aperture which passes the 
same quantity as the other two combined ; and in 
(d) the incoming air is directed against a baffle plate 
as shown. Although in arrangement (c) the effect of 
the injector was slightly impaired the general con- 
clusion to be drawn from the tests was that the capa- 
city of the jet for entraining the fluid is independent 
of the aperture conditions. This may be taken to 
prove that, ejector action depends very little upon 
the design of the chamber or the position of the 
induction pipe. 

While it is possible to estimate from theoretical 
considerations the correct sizes of the nozzle, the 
situation is different when we approach the design of 
the diffuser. Theory requires a convergent channel 
followed by a throat or minimum area section and a 
divergent channel. Owing to the unknown losses 
in the diffuser direct calculation of the correct 
throat area is impossible, and experiments with 



Fig. 13. 


diffusers of different diameters were therefore seen to 
be desirable. It was first necessary to decide upon 
the most suitable form of diffuser, that is to say 
upon the angle of convergence, the extension, if any. 
of the section of minimum area, ami the ancle of 
divergence. Previous experience lias indicated that 
25° is about the best convergence angle, and that 
either the throat section should be extended for a 
few diameters or the divergence should start very 
gradually. 

It was at once seen that the throat area was of 
critical importance and, since there were no practical 
means of making it variable, the value of the test 
results depended upon the choice of a set of diffusers 
of suitable diameters. Preliminary trials showed that 
four diffuser diameters provided sufficient range for 
the series of tests. 

The object of the first series of tests was the deter- 
mination of the most suitable working conditions for 
each diffuser diameter. This obviously demanded a 
series of different pressure ranges, and for each par- 
ticular case the nozzle corresponding io the selected 
expansion ratio was employed. The results obtained 
with- one of the diffusers from this set of tests are 
shown in Fig. 12. The ordinates represent weight of 
air drawn in per second, and the base shows nozzle 
supply pressures scaled off in units of energy gene- 
rated per pound of operating air in expanding to 
atmospheric pressure. The points of contact with the 
curves of constant chamber pressures of tangents 
drawn from the zero base reading represent the most 
efficient conditions of working for each of these 
pressures. That is to say, they show when the 
ratio of work done to the energ} T supplied is a 
maximum. This corresponds to what is generally 
required in practice, since the chamber pressure (or 
operating vacuum) is first specified and the best 
working conditions then determined. The dotted 
curve drawn through the points of contact with the 
tangents permits the nozzle supply pressures corres- 
ponding to the suction quantities given by the 
different apertures (in Fig. 11) to be read off. The 
ejector was then operated under these conditions of 
maximum efficiency and the data required for an 
analysis of its performance thus obtained. This 
involved records of the nozzle and apertures used, 
the nozzle supply pressure, chamber pressure, search 
tube pressures along the axis of nozzle and diffuser, 
and the reaction of the outlet stream. A similar pro- 
gramme was carried out with the other diffusers, 
and the calculations indicated by theory enabled the 
energv distribution to be determined. A typical set. 
of pressure ratio curves showing how the pressure 
falls along the nozzles is given in Fig. 13, and similar 
curves illustrating the rise of pressure along one of 
the diffu-ers will be seen in Fig. 14. 

Effect of Dimensions . — Some little attention might 
be given to the light thrown by the tost results upon 
the effect of dimensions on the working of the ejector. 
The three most important variables coming under 
this heading are the diffuser throat diameter, the dis-* 
tance of the end of the nozzle from the diffuser, and 
the shape of the diffuser channels. So far, no accu- 
rate theoretical relationship lias been found which 
would assign definite values to these variables and 
no published data have lieen discovered available for 
their estimation. The deductions from the tests 
appear therefore to be of some importance. 

The diameter of the diffuser throat is seen at once 
to be. the critical and ruling dimension. This is 
readily seen from an inspection of Fig. 15, which has 
lieen constructed from the set of curves of which 
Fig. 12 may be taken as an example. In Fig. 15 the 


<t or DtFFyaELR 



i .-y- 5 ' ^ 

i 

■ ip' 

; +y 

y : i i 

1 > 

; ^ 

V*eiATloil O' IMOUCTIOH OlMUTITY 

With Birn>«e» Sat 

P • 60 k-W (eO>«) 


1 i 


1 : 


; X 

! ; 


! < 


O JO O i* O is c 41 0 4* 

t>ir«~u6Cg Throat Aqca . Sq 

Fig. 15. 


variation of air drawn in at different chamber press’.) re 
with the change in diffuser throat area is shown for a 
supply pressure of SO lb ]>er sq. in. It will be noted 
that, a considerable difference in the amount of air 
entrained results from a comparatively small change 
in throat area, and also that, by extending the curves 
the areas outside of which no air can be entrained 
may be estimated. This latter condition arises from 
l lie fact that the sectional area of the stream in the 
diffuser depends upon the quant it}* of induced air 
and the chamber pressure as well as upon the nozzle 
throat diameter and the supply pressure. If the 
diffuser is too small for the stream then choking 
occurs ; when it is too large there is a leak back of 
air into the chamber. 

The clioking effect is illustrated by the pressure 
observations shown in Figs. 10 and 17. In Fig. 10 
is shown the compression curve along the diffuser 
under norma! working t'oiidm-ms. and the gradual 
damping out of the waves fm-uv.-d at tie- nozzle ninFt 
will be observed. .By increasing the supply pressure, 
and consequently enlarging the jet, it was possible 
to choke the diffuser, with the results shown in 
Fig. 17. Here the wave of compression in front of 
the diffuser throat and the increased chamber pres- 
sure due to the unfavourable conditions that have 
been produced are to be noted. 

From a series of curves similar to those shown in 
Fig, 15 it is possible to obtain another set of curves 
illustrating what might be termed the ideal per- 
formance of the ejector. One such curve for a con- 
stant nozzle supply pressure of SO lb. per sq. in. abs. 
is shown in Fig. IS, where chamber pressure is plotted 
to a base of induced air quantity. Each point on the 
curve was obtained when the injector was working 
with the proportions required to give the maximum 
efficiency. Comparison of this curve with the more 
usual performance curve of an injector with fixed 
diffuser dimensions is afforded by the dotted line in 
Fig. IS. This latter represents the ejector per- 
formance with a constant throat diameter under the 
best conditions of distance between nozzle and 
diffuser. The full curve shows a continuous tendency 
towards the origin, and the dotted one indicates a 
definite value of the chamber pressure at which there 
is no induction. Some idea is thus given of the 
difficulties encountered in comparing ejector per- 
formances and the relative merits of single and two- 
stage working. The full line shows that there is no 
very definite limit to the vacuum obtainable from 
the single stage, with dry air, and that the limiting 
conditions are fixed by considerations of efficiency 
and stability. 

Effect of Xozzle Distance . — The effect of the distance 
of the nozzle from the diffuser has been studied, and 
in all tests quoted this distance has been adjusted to 
give the minimum chamber pressure. The factors 
upon which this nozzle distance depends are — the 
throat and outlet areas of the nozzle, the pressure of 
nozzle supply and in the chamber, and the form of 
the diffuser. The test results show that the distance 
is least when the eject-or is working at a high vacuum 
with little air suction. An increase of nozzle supply 
pressure increases the dimensions of the jet, and so 
requires an increase of nozzle distance. 

Tests illustrating the effect of nozzle distance upon 
chamber pressure are shown in Fig. 19. The base 
represents the distance of the nozzle outlet from the 
diffuser throat, and the variations of chamber pres- 
sure with this distance are shown by the two full 
curves, which represent two sets of tests. Under 
normal conditions no critical effects are evident, 
but when only a small amount of air is being induced 
a region of instability is produced. The upper dotted 
curve illustrates the action when the nozzle is drawn 
away from the diffuser, the lower one when it is 
advanced towards it. 

It is probable that the explanation of this unstable 
region is to be found in the great change of jet size 
which will result from small variations in the chamber 
pressure at such high degrees of vacuum. 

Form of Diffuser . — In this part of the apparatus the 
most important point to fix is the rate of divergent 
.taper immediately following the throat section. The 
design of the experimental diffusers was based or. tin- 
belief that an extension of the throat section, or a 


very gradual preliminary taper, would provide the 
ideal form. Since the form of channel for the most 
efficient compression of the stream is also a question 
of interest this point was kept in mind when fixing 
the diffuser dimensions. 

The outlines of the four experimental diffusers are 
shown at the top of Fig. 20. Diffuser I> is of the type 
most generally used throughout the general tests ; 
in E the parallel section is extended to the outlet ; 
F has the same outlet area as D but a much smaller 
length of parallel sect i mi . while G with a similar 
short parallel section has a creator divergent angle. 
Tfe chamber pressure readings, which are also re- 
corded in Fig. 20. show, as might have been expected, 
that- diffuser D is easily the best of the four types. 
Comparison of the compression curves for D and F 
shows that the defect of the latter is due to a too 
rapid divergence immediately after the throat sec- 
tion. This effect is increased in G, and the slope of 


the curves for F and G. jus^ beyond the throat, would 
indicate that compression izi these two cases is taking 
place too rapidly. In diiru=er E we have an illustra- 
tion of the other extreme where the comprrs?l iV n is 
drawn out too long. The curves for D and E might 
appear to be very similar, but it is the hither chamfer 
pressure of the latter that produces a false impression 
of early compression. It G. however, rat her ,-ui- 
prising that diffuser E should give almost as rood a 
performance as G. The possibility of the selected 
test conditions being more suitable for one diffuser 
than for another was not overlooked, but experiments 
with different supply pressures showed that the 
results given in Fig. 20 may be taken as representa- 
tive of the performance of the various diffusers. 

It seems clear from these tests that, for the ideal 
diffuser, divergence should not follow rapidly after 
convergence. This condition may be fulfilled bv 
having a parallel extension of the throat or a verv 
gradually increasing divergence after the throat 
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section has bo (Mi readied . 

i lie results of t!io investigation on diffuser design 
1 '-. I- . cubmed in the eahuilat ion rharl shown n; 


Itg- 2 i. I lias been drawn to show how an actual 
ejector plant might be designed to suit a definite 
specification. For actual use such a chart would 
require to be based on experiments made with steam 
as the working fluid, but it is thought that it would 
be better suited to design purposes than a calculation 
based upon theoretical principlesor empirical formula*. 

An ordinary specification would include the supply 
pressure of the working fluid, the amount of air to be 
handled, the vacuum from which it has to be drawn, 
and the throat area of each ejector unit in the plant. 
The chart is based uj*on unit nozzle throat siz.r, 
which, along with the supply pressure, governs the 
ejector consumption. 

The (iinstunt nozzlr pressure curves of vacuum 
against induced air quantity per unit nozzle throat 
area have been deduced from the tests. From these 
the air-handling capacity of each unit in the plant 
can be calculated and lienee the number of ejector 
units to deal with the specified air quantity. The 
diffuser throat diameter, and the distance’ of the 
nozzle outlet from the commencement of the diffuser 


throat section, for unit nozzle diameter, can then bo 
found from the series of curves which also have been 
derived from the test results. Assuming, for example, 
that the stage vacuum has to be 17-5 ins. of mercurv, 
the nozzle supply pressure So lb. per sq. in. abs., ami 
throat diameter 0-25 in. Starting with the top. right- 
hand diagram a horizontal line is drawn to the rijrht 
from the 17-5 ins. vacuum point to cut the So lb. 
sq in. pressure line. A vertical line drawn from 
this point cuts the air suction base at- OOdb. The 
area of the nozzle is 0 04!) sq. in., so that the amount 
of air that could be drawn in would be 0Uoox(M9 = 
0 027 lb. per second. Continuing the vertical line 
until it cuts the So-lb. pressure line in the lower 
figure and drawing another horizontal line this cuts 


the scale of 


diffuser i 
nozzle dir 


The diameter of 


the diffuser throat will be, therefore, 0-23 x 2-77 = 
0-69 ins. Returning to the first point, and drawing 
a horizontal line to the left to cut the $5-lb. pressure 
line in the correspond in gfigure, the point of inter- 
section is vertically above the figure of 9-3 on the 

„„ i . .. diffuser distance. ... 

scale representing the from this 

nozzle dia. 

it will be seen that the distance of the exit end of 
the nozzle from the diffuser throat should be about 
9-3 xO-2") = 2-3 ins. 

This rompkti'S the account 1 set out to give upon 
the influence of ejector size and proportions upon 
performance, and it is hoped that the results may 
prove of some value to those who contemplate using 
this system for exhausting air or other gases or for 
transporting fine solids. 

It may be. however, of interest to examine a few- 
further illustrations which give some idea of the 
actions that are taking place in a diffuser. For this 
purpose a glass-sided diffuser of rectangular section 
wits prepared to work in conjunction with a nozzle 
of similar section. Light rays from an arc spot 
lamp were passed through the diffuser and an 
ordinary camera was used t-o take photographs of 
the shadows thrown on the screen by the refraction 
of the light passing through the jet. The results are 
shown in Fig. 22, where the top photograph shows 
the waves produced when the ejector was working 
under the best conditions for the selected nozzle 
pressure. In this picture it will be noted that the 



jet issuing from the nozzle is not visibly disturbed 
until it is close to the throat section, when entrain- 
ment takes place. The clearance Between the 
visible boundary of the jet— where the waves are 
reflected — and the diffuser wall should be noted. 
In photograph (6) the sectional area of the diffuser 
has been reduced and the choking effect can be 
clearly seen. A disturbance has been set up around 
the stream in front of the throat ; also the wave 
length has been reduced due to the increase in 
chamber pressure and consequent reduction of jet 
velocity-. This figure should be compared with 
Fig. )7, where the pressure curves resulting from too 
small a diffuser are shown. In photograph (c) the 
nozzle has been brought closer to the diffuser, but 
there is no very marked difference between this and 
(a). Compression takes place sooner and the ampli- 
tude of the wave is seen to decrease rapidly as com- 
pression starts. The chamber pressure is only 
slightly higher than that with («) and, consequently, 
the wave front at the nozzle outlet is very similar in 
each case. 

Before concluding, I should again like to express, 
my debt to Dr. Third for the greater part of the 
materia] from which this lecture has been constructed, 
and also to acknowledge the assistance given by niv 
colleague, Mr. P. Caldwell, in the preparation of the 
diagrams by which it is illustrated. 
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TABLE 1 . — Particulars of Diffusers. 
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TABLE 5 . — Diffusers IB and 2B ; Steam, Nozzle No. 2. 

For about Best Dippuser Setting at 140 lb. per sq. in., gauge. 


For IB, D = If inches ; for 2B, D = 1£ inches. 


Steam 
Pressure, 
lb. per sq. in., 
gauge. 

Maximum 
Steam used, 
lb. per hour. 

Vacuum in 
Tank 
(corrected) 
inches mercury. 

Water Gauge, 
iuches. 

Atmos. Air 
entering tank, 
lb. per hour. 

Ratio 

max. s team 

Atmospheric 

Conditions. 

* Vacuum in 
closed tank 
(corrected), 
inches mercury. 

atmos. air 



IB 

2B 

IB 

2B 

IB 

2B 

IB 

2B 

IB 

2B 

IB 

2B 

60 

163 

5-0 

5-5 

0-24 

0-26 

16-4 

170 

9-95 

9-60 



6-2 

5-9 

70 

184 

7-0 

7-4 

— 

— 

— 

— 

— 

— 

Dry Bulb, 

8-6 

8-4 

SO 

204 

11-0 

11-3 

0-48 

0-49 

23-2 

23-3 

8-80 

8-75 

64-2°F. ; 66-8°F. 

12-5 

12-5 

90 

225 

150 

16-5 

— 

— 

— 

— 

— 

— 

Wet Bulb, 

18-3 

17-2 

100 

246 

19-4 

19-5 

0-65 

0-65 

27-0 

26-8 

9-12 

9-20 

57-6°F. 

60-0°F. 

23-5 

23-0 

110 

267 

22-6 

22-5 

0-68 

0-68 

27-6 

27*5 

9-68 

9-72 

Rel. Humid. 

25*6 

25-2 

115 

277 

22-8 

22-7 

— 

— 

— 

— 

— 


67% 

07°/ 

— 



120 

288 

22-9 

23-0 

0-68 

0-68 

27-6 

27-5 

10-4 

10-5 

Barometer, 

27-5 

28-5 

130 

309 

23-1 

25-0 

0-68 

0-69 

27-6 

27-7 

11-2 

11-1 

30-33 

30-05 

27-4 

28-5 











inches 

inches 



135 

319 

25-1 

25-2 

— 

— 

— 


— 

— 



27-4 

— 

140 

330 

25-1 

25-2 

0-09 

0-69 

27-8 

27-7 

11-9 

11-9 



27-3 

28-5 


* In this Table, vacua in closed tank were taken with same diffuser settings as those with air flow. 


TABLE 5. — continued. 


For about Best Diffuser Setting at 120 lb. per sq. in., gauge. 
For IB, D = 2J inches ; for 2B, D = 2J inches. 




i IB 

2B 

IB 

2B 

IB 

2B 

IB 

2B 

IB ; 2B 

IB 

2B 

60 

163 

3-2 

2-8 

0-16 

0-14 

13-4 

12-5 

12-1 ; 

13-0 


4-4 

2-7 

70 

184 

5-2 

4-2 

— 

— 

— 

— 

— 

— 

Drv Bulb, 

6-4 

— 

80 

204 

- 8-1 

6-0 

0-38 

0-29 

20-G 

17-9 

9-91 

11-4 

C5-3°F. 1 67-2°F. 

10-4 

6-1 

90 

225 

13-1 

8-3 

— 

— 

— 

— 

— 

— 

Wet Bulb, 

16-3 

9-0 

100 

246 

17-3 

14-0 

0-62 

0-50 

26-4 

24-9 

9-34 : 

9-88 

67-8°F. : 59-8°F. 

19-2 

14-0 

110 

267 

20- 1 

18-2 

0-66 

0-64 

27-2 

26-6 

9-82 

10-0 

Rel. Humid. 

20-8 

20-5 

115 

277 

23-7 

22-4 



27-5 


10-0 


64% 65% 

Jump up 
212 to 
27-4 

26 0 

120 

288 

23-7 

24-9 

0-68 

0-69 

27-0 

27-7 

10-4 

10-4 

Barometer, 

27-7 

20-9 

130 

309 

23-5 

24-8 
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Fig. 15. — Fall of Pressure along Divergent Nozzle. 

formed could be traced up to the recompression stages, where they Air flowing through glass nozzle at the following supply pressures : a, 101b. 

disappeared. These were the points at which the jet no longer per sq. in. ; 6, 15 lb. per sq. in. ; c, 20 lb. per sq. in. ; d, 20 lb. per 

filled the nozzle ; thereafter it had no definite surfaces from which s 1 - in- • e > f5 ° lb ' P er st l- in - 
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Exhaust Ejectors for Steam Engines 

The Feasibility ol Using the Kinetic Energy of the Exhaust To Create a Vacuum Is 
Heal — Success of Experiments Indicates the Possibility of Lower 
Steam Consumption and 'Reduced First Cost 


By \V. TIJKNWALD 


I T IS only recently that attempts have been made to 
increase the over-all ellieiency of steam engines by 
utilizing energy which under certain conditions is 
contained in the steam as it is being exhausted. This 
energy is usually termed the loss due to incomplete 



Fig. 1 — U inflow diagram showing loss dm: 
to incomplete expansion 


expansion, and the exhaust ejector is one of the means 
at disposal to convert this loss into usefulness. 

Comparisons between the steam engine and the twu- 
stroke-cycle gas engine as far as application of ejector 
exhaust is concerned, have been made at times and in 
order to avoid misunderstanding it may be well to point 
out that the exhaust ejector is applicable primarily to 
multi-cylinder engines of the uniitow type. 

Modernizing an Oi.d Principle 

Its principle is as old as the locomotive. Every loco- 
motive, with its blast pipe, stack and smokebox, con- 
tains the very elements that go to make up the exhaust 
ejector as it is now used with multi-cylinder unilhnv 
engines. The difference is that the ejector action with 
the locomotive is exerted upon the flue gases of the 
boiler, while with the uniflow engine it is used to evac- 
uate a cylinder different from the one furnishing the 
blast. 

In Fig. 1 is shown schematically an indicator diagram 
with the loss due to incomplete expansion and Die 
increase in diagram area obtainable by utilizing the 
otherwise wasted energy contained in the steam. It will 
he apparent that best results will follow if it is possible 
to create tile lowest pressure in the engine cylinder at 
the point where the piston closes the exhaust port, 


that is, at point .1. In order to accomplish this, a cer- 
tain degree of continuity of ejector action is necessary 
because it most be remembered that the engine piston, 
when approaching the closing poinL of the exhaust 
ports, moves with rapidly increasing velocity; there- 
fore, in order to maintain a given pressure in the 
engine cylinder, the ejector must exhaust steam at a 
rate at least equal to the instantaneous piston displace- 
ment. From this it follows that a single-cylinder engine 
with its intermittent exhaust, does not give promise 
of any decided success. 

Possum. ity of Oiitaining a Vacuum 

Coming back to the locomotive, we usually find a two- 
cylinder engine with cranks at !)0 deg., giving four 
exhaust pulfs per revolution. Such an engine running 
at 200 r.p.m. will create a very even draft for the fire, 
because at this speed it furnishes Fi exhaust pulfs per 



Fig. ~ Inter relation of the t xhu lists of tiro cgtittdens 
tit a (i-egtiniler < iigitie 


second. Similarly, with a stationary multi-cylinder uni- 
l!ow' engine we are able to create, at customary speeds, 
as much as 40 to 50 pulls per second. From this it 
would appear that continuity of ejector action is more 
than assured. In particular, for three cylinders with 



cranks at 120 deg., it appears from Fig. 2 that, ire 
may count on almost continuous sequence of positive 
248exhaust periods. The term positive exhaust period is 
intended to apply to the part CB of the diagram shown 
in Fig. 1. Furthermore, at any time, during which the 
exhaust phase CB takes place in one cylinder, another 
cylinder runs through the phase BA, so that we may he 
assured of the best possible co-ordination of exhaust 
ejector action. The simultaneous occurrence of the two 
exhaust phases is also indicated in Fig. 2. 

A cross-section through a cylinder block, comprising 
three cylinders, equipped with exhaust ejector, is shown 
schematically in Fig. 3. Again, the similarity between 
this apparatus and the locomotive smokebox is striking. 
1 lie simplest way to express the action of such an 
apparatus is to state that each cylinder, instead of 
exhausting against the static pressure in the exhaust 
pipe, exhausts against the dynamic pressure that is 
maintained in the equalizing chamber. 

Ejector Decreases Steam Consumption 

The effect of the exhaust ejector on engine perform- 
ance is shown on the curve sheet, Fig. 4. The curves 
gi\e the per cent water rate in pounds per i. lip. -hour 
plotted against mean effective pressure. The dashed 



curve applies to the engine without exhaust ejector, 
while the full line curve denotes water rates of the en- 
gine equipped with the exhaust ejector. It is apparent 
that the divergence between the curves increases with 
increasing mean effective pressure. Doth curves have 
a common origin, the point ol complete expansion, in 
which there is no exhaust ejector action. It may be well 
to state that these curves apply to the perfect engine, 
or the engine having clearance and compression like 
the real engine, but no condensation losses. 

There are two ways in which the action of the exhaust 


ejector may be utilized. One is In retain for a given 
pnuet output the cylinder dimensions ot the ordinary 
engine, equip it with the exhaust ejector anti obtain the 
benefit ot increased economy, as indicated for one dis- 
tinct m.e.p. in Fig. 4 by a vertical line, or gain the 



benefit ot greatly reduced engine size without increase 
in the water rate, as indicated in Fig. 4 by a horizontal 
line. 

From present experience it would be safe to state 
that tor average steam conditions an increase in econ- 
omy at full load of about 11) per cent will be obtainable 
or a reduction in cylinder size of about 10 per cent. 
I his latter figure must not be construed to mean that 
it will hi ing about a reduction in overload capacity of 
the engine, because this 4)) per cent increase in m.e.p. 
is obtained with a very slightly later cutoff'. Uniflow 
engines of the multi-cylinder type are rated usually to 
develop full load with a cutoff' not to exceed 15 per cent; 
theiefoie the overload capacity ol the engine in all 
cases by far exceeds the overload capacity of the gen- 
erator. 

i Although the application ot the ejector exhaust is 
still largely in the experimental stage, it would seem to 
have practical possibilities.- Editor.) 

Heat Iranbfer in Condensers 

the results ol tests to determine the rate of heat 
transfer in condensers ale usually expressed as heat 
transfer coefficient; that is, the rates as B.t.u. per hour 
per square loot of condensing surface, per deg. F. 
ui ei age tellipei aturc difference between the ammonia 
and the cooling water. 

A question arises as to the proper average tempera- 
tuie dilleience to Use, since the condenser is compli- 
cated in action, and may be divided into three zones, 
in which the ammonia is precooled, condensed and after- 
cooled. However, since it is probable that over HI) per 
cent ol the surlace is used in condensing the ammonia, 
and moreover even a larger percentage of the total heat 
1 1 ansi er takes place in the condensing zone, according 
to I . K. Sherwood, it seems reasonable that no great 
ei lor is made in using the logarithmic mean diff erence 
between the temperature o! the condensing ammonia 
and ot the entering and hailing cooling water. 
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United States Patent Office. 

JO I IX A. MARSH, OP LONG LAKE, ILLINOIS. 

STEAM-JET PUMP. 

SPECIFICATION forming part of Letters Patent No. 334,597, dated January 19, 1886. 

Application filed Mtuvli liO, lt'85. Serial !STo. 1G0.621. (Model.) 


To all ivhoni it may concern: 

Be it known that I, John A. Marsh, of 
Long Luke, Madison county, State of Illinois, 
have invented a certain new and useful Im- 
5 proveuicot in Steam-Jet Rumps, of which the 
following is a full, clear, and exact descrip- 
tion, reference being had to the accompanying 
drawings, forming part of this specification. 

Figure 1 is a side view of the improvement, 
io Fig. 2 is part in side view and part in axial 
section. Fig. 3 is an axial section. Fig. 4 is 
a transverse section at 4 4 , Fig. 2 . 

A is the suction-pipe. B is the discharge- 
pipe. These may be bent or connected with 
15 other pipes or appendages in any suitable 
manner. 

C is the steam-pipe, which is branched at c 
c, and connects with two annular steam-cham- 
bers, D and K 

20 The case consists of three castings connect- 
ed together by their flanges F, G, and 11 , se- 
cured together by bolts I. The flange-joints 
are made tight by rubber or other gaskets. 
The casting J has a screw-socket, K, into which 
25 the end of the suction-pipe A is screwed, 
and both it and the middle casting. L, 
have a bore of the same diameter as the inside 
of the suction and discharge pipes A and B. 
The casting J has a tapering jet-nozzle, M, 
30 fitting in a ilaring socket, N, of the casting L. 
In the circumference of the nozzle M are a 
number of inclined grooves, m, through which 
the steam from the chamber D passes into Lire 
bore with a spiral movement, so that its ceu- 
35 ti'il'ugal force will lend to make it hug the 


outside of the bore and prevent in a great de- 
gree the friction of the water against the sides 
of the bore. These jet-passages m are shown 
as about semicircular in section; but Ido not 
confine myself to this shape. I have shown 40 
the passages as varying about twenty degrees 
from a line parallel with the axis as io their 
spiral direction. It will be seen that they 
must also incline toward the axis of the bore, 
as they lead from an annular chamber stir- 45 
rounding the bore; but their spiral inclination 
is sufficient to carry the steam to the outside 
of the bore, (as before explained.) The nozzle 
or end M' of (lie casting L is similar to that 
M of casting J, and has similar grooves lor 50 
the passage of steam, these grooves being 
marked in'. The nozzle or end M' fits in the 
socket N' of the casting O. into which the 
discharge-pipe B is screwed. 

It wiil be seen that as the bore is of equal 55 
diameter in the supply-pipe, the pump, and 
the discharge-pipe, there is no possibility ot 
the pump getting clogged, as any object enter- 
ing the supply-pipe would pass through with- 
out obstruction. 6c 

I claim as my invention — 

A steam-jet pump having a uniform bore 
throughout, surrounded by one or more an- 
nular steam chambers, with series of jet-pas- 
sages leading from said chamber or chambers 6‘ 
to the bore. 

JOHN A. MARSH. 

In presence of — 

'Benjn. A. Knight, 

Geoiigf I). Knight. 
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APPARATUS FOR TRANSFER OF FLUIDS 

Jean H. Bertin and Raymond H. Marchal, Paris, 
France, assignors to Societe Nationale d’Etude 
et de Construction de Moteurs d’Avlatien, Paris, 
France, a company o f France 

Application February 15,. 1948, Serial No. 8,627 
In France September 5, 1946 

Section 1. Public Law 690, August 8, 1946 
Patent expires September 5, 1966 


1 Claim. 

1 

This invention relates to an aerodynamic 
process for transferring fluids from a zone into 
another one wherein a higher pressure than in 
the first zone prevails. 

According to this invention, for effectin’ such 
a transfer, use is made of the pressure distribu- 
tion which 1* produced as a function of radius, 
by swirling axipetal flow of a primary fluid with- 
in a cylindrical chamber. 

An apparatus adapted for carrying out this 
process may conveniently be used in any mac nine 
or plant wherein fluids are to be introduced into 


1. 239—95) 

2 

the axis of said chamber, a considerably lower 
pressure prevails than in passage B. A gas flow 
Is thus set up from axial inlet C to annular pas- 
sage B, and it proceeds as far as the pressure 
prevailing in the chamber (not shown) located 
upstream with resneci to opening C and contain- 
ing a fluid to be tranrx erred to another chamber 
(not shown) located downstream with respect to 
passage B where a lighter pressure prevails, has 
) dropped enough to assume a characteristic level 
which depends on the ratios between aperture 
radii : 


a chamber under a higher pressure, and it en- n A r b 

ables such an ‘ntroductlon to be effected without -g- and 

having resort tc any rotary or reciprocating 15 


mechanical device. and on the rate of flow of primary air. 

It is possible in particular, although this ex- -The pressure variation in the primary fluid 

ample is not restrictive, to employ the process flow from A to B Is illustrated by the diagram 

according to one invention for completing ex- 0 f pj g 3 , w ' n ile the pressure variation in the sec- 

haust from internal combustion engine cylinders 20 ondary or induced gas flow from C to B is shown 
into an exhaust manifold where a pressure on the diagram of Fig. 4. 

higher than inlet pressure prevails; which is par- We have thus actually provided a compressor 

ticularly desirable where an exhaust gas turbine borrowing energy from expansion to which prl- 

is provided since further expansion of gas is per- mary fluid is subjected. Its efficiency is In some 

missible. 25 cases lower than that of a conventional mechan- 

Further advantages and features of our inven- i ca ; compressor, but it meets a number of essen- 
tion will become apparent from the following tial objects, particularly: 

description thereof with reference to the ap- 1 . It comprises no moving mechanical member 

pended drawing which shows diagrammatically so that it is long lasting and quite simple In its 
and solely by way of example, form of construe- 30 construction, 
tlon of an aerodynamic ejector according to our 2. It is very light. 

invention. 3. It always operates under optimum condl- 

Fig. 1 is a lengthwise section of said ejector. tions even where it is applied with flows varying 

Fig. ff is an elevation of the revolution chamber. at very high frequencies, having regaid to the 

Fig. 3 is a diagram illustrating how the pres- 35 very small inertia A gas therein, 
sure of the primary fluid employed as a prime It should further be understood that our in- 
mover for transfer varies, the specific volumes vention is not restricted to the form of construc- 
being plotted as abscissae, while pressures are tion above described, and many modifications 
plotted as ordinates. relying on the same principle may be provided 

Fig. 4 Is a similar diagram showing how the 40 without departing from the scope of this inven- 
pressure of the secondary flu d to be transferred tion. 
varies. What we claim is: 

Primary air is let into tb- periphery A of a An apparatus for inducing a stream of second- 

cylindrical chamber K th; ugh apertures Oi ary fluid by a stream of primary fluid, which 

preceded by tangential noz? 'es T which taper 45 comprises a hollow body containing a chamber 
into said chamber, convert; .g the pressure of which has approximately a shape of revolution, 

primary fluid into velocity. means providing an axial Inlet for conveying 

Such primary air is discharged through an axially into said chamber a stream of secondary 

annular passage or outlet B after it has developed fluid, means providing, opposite to said Inlet, an 

a strong swirling held in chamber K. Next to oQ annular outlet for a mixture of primary and sec- 
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ondary fluids, said outlet being coastal with said 
Inlet nnd having Inner and outer diameters 
larger than that of said inlet, and e plurality of 
tangential inwardly convergent nozzles for di- 
recting said stream of primary fluid Into said 5 
chamber, said nozzles being rigid with said body 
and distributed around the periphery of said 
chamber to define a ring coaxial with the inlet 
and outlet of said chamber and of larger diam- 
eter than the outer diameter of said annular 10 
outlet. | 

JEAN K. BERTIN. 

RAYMOND H. MARC HAL. 
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[57] ABSTRACT 

Method and apparatus for a compressor for compressing air, 
gases and vapors isuthermally using a liquid stream to com- 
press the gas, the liquid issuing from an impeller intermit- 
tently, with the gas being entrained between these liquid pul 
ses and compressed by the liquid, the liquid having high 
kinetic energy when leaving the impeller and in slowing die 
kinetic energy is converted to pressure for both the liquid arid 
entrained gas. Also, this compressor may be used ad- 
vantageously to compress vapors, wherein the liquid is the 
same fluid as the gas, in which case condensation of the gas to 
the liquid occurs, and work of compression is reduced. 

2 Claims, 4 Drawing Figures 
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ROTARY GAS COMPRESSOR 
BACKGROUND OFTHE INVENTION 

This invention relates generally to devices for compressing 
gases, air and vapors, in which a liquid is in intimate contact 
with the gas or vapor to be compressed. 

DESCRIPTION OF PRIOR ART 

There are numerous devices and machines available for 
compressing a gas or a vapor in some of these machines a 
liquid is rotated inside an eccentric casing, so that the machine 
rotor will cause the liquid to pulsate and the space between 
the rotor blades is increased or decreased, and this variation 
compresses the gas. These machines are called liquid piston 
type machines. Another device is the jet ejector compressor, 
where a stream of liquid or gas is used to entrain the gas or 
vapor to be compressed, and the kinetic energy of the stream 
is converted in a diveiging nozzle to a pressure. 

I he main disadvantage of the liquid piston type machine is 
its poor efficiency, since the liquid is rotated in the machine 
and requires relatively large power input for compressing the 
gas. In the ejector compressor, the velocity of the liquid 
stream is limited and it entrains poorly of any gas; therefore 
the efficiency of the device is very poor. The available kinetic 
energy in the liquid stream is high, but due to poor entrain- 
ment of the gas by the liquid, results for the device are poor. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG I is an end view of the compressor casing, showing the 
exterior 

FIG. 2 is a side view and a section of the casing and the im- 
pcllei of the compressor. 

FIG. 3 is a side view and a section of the impeller, and 

FIG. 4 is an end view of the impeller, showing the lluid 
passages. 

DESCRIPTION OF PREFERRED EMBODIMENTS 

It is art object of this invention to provide a method and a 
device for compressing gases or vapors essentially isolher- 
mally in which the kinetic energy contained by a liquid stream 
is used to compress said gas to a higher pressure where the 
liquid in slowing in speed will increase its pressure and in- 
ciease the piessure ol the gas being entrained in it. Also, it is 
an object of this invention to provide a method and a device in 
which the gas may be partially or fully be condensed in the 
liquid slicaui theieby lowering the woik of compression, this 
occurring when the gas or vapor being compressed is the same 
fluid as the liquid; that is, tile gas being compressed is the 
vapor phase of the fluid, and the liquid being used for as the 
motive fluid is the liquid phase of the fluid. 

Referring to FIG. 1, there is shown an end view of the com- 
pressor 10 is the compressor casing, 1 1 is the liquid inlet, 12 is 
the gas or vapor inlet, and 13 is the outlet. 

In FIG. 2. a side view of the compressor is shown. The im- 
peller 22 is rotated by shaft 28, supported by bearings and 
sealed by packing 23 and stuffing box 24. Alternately a 
mechanical seal could be used. The liquid that is used as the 
motive fluid enters through opening 1 1, passes through the im- 
peller 22 and leaves the impeller at a high velocity and enter- 
ing the throat section 2 1 and from there the diffuser section 29 
in the casing 10. After leaving the diffuser at a higher pressure, 
and at a lower velocity, the gas and liquid mixture is collected 
in annular space 30, and from there passes out through open- 
ing 13. The liquid entrains gas from annular space 3 1 , and the 
gas enteis the annular space from outside through opening 12. 

In FIG. 3, the impeller 22 is shown in more detail. 38 is the 
fluid passage, and 36 is the opening for the drive shaft. 

In FIG. 4, the impeller is shown, with 22 being the impeller 
and 38 being the fluid passage. 

In operation, the compressor functions in a manner similar 
to a jet ejector compiessor. A motive fluid is accelerated in a 
passage in the impeller to a high velocity; this corresponds to 
the motive fluid nozzle in a jet ejector. However, the fluid 
stream issuing from the impeller, when it rotates, is not con- 


2 

tinuous as seen by the compressor casing, since in this particu- 
lar instance, the impeller has four fluid passages, with solid 
material between. Therefore, the flow from impeller, as seen 
by the compressor casing, is pulsating, with empty spaces 
5 between the high speed liquid; these empty spaces being filled 
by the gas from the annular spaces, item 31, FIG. 2, and the 
gas being rapidly moved with the liquid to the outer annular 
space 30, and from there to discharge. This pulsating action 
improves the entrainment of the gas by the liquid, and more 
' 0 fully utilize the kinetic energy available in the liquid stream. 

The sizing of the fluid passages and the calculations pertain- 
ing to same are fully described in thermodynamics literature 
for jet ejectors and for steam injectors. The space of the 
I ,. passage 38 in FIG. 3, would be either converging for liquids 
that do not vaporize when leaving the passage; or the passage 
could be diverging at its outlet for fluids that will vaporize 
either partially or fully when leaving the passage. Of the non- 
vaporizing liquids, water would be an example, and of the par- 
2 Q tialiy vaporizing types, butatte would be an example, both at 
atmospheric temperatures, and at low pressures. As illustrated 
in FIGS. 2-4, passageways 38 comprise a converging section 
nearest the center of the impeller but are at least non-converg- 
ing at the discharge section Preferably, the at least non-con- 
25 verging section is a diverging section for better taking ad- 
vantage of the energy available in the motive fluid to effect 
higher effluent velocities thereof 

The fluid passages shown in FIG. 4, item 38, can be radial as 
illustrated, or be forward or backward curved, depending on 
30 the fluid used or the shape of the passages. Also, the throat 
section 21 , FIG. 2, may have vanes of proper shape to prevent 
circular motion of the fluid after it leaves the impeller. Vanes 
of this type are commonly used in turbines and pumps and are 
not described herein. Number of fluid passages in FIG. 4 is in- 
35 dicated to be four, but this number would be as required when 
calculations are made pertaining to the size of the passages, 
and the frequency of pulses of liquid required to maintain 
suitable pressure and volume relationships inside the compres- 
sor; also, the rotational speed of the impeller would enter into 
1,0 these calculations. 

Normally, the amount ol liquid as compared to the amount 
of gas or vapor, is large. Therefore, w hen compressing a gas, 
the heat of compression from the gas is transferred to the 
liquid, resulting in a temperature increase for the liquid, as 
W'efl as the gas. This temperature increase is much less than it 
would be for the gas alone, resulting in nearly isothermal com- 
pression, and therefore reduced work of compression, as com- 
pared to isentropic compression that is often used in rotary 
^ compressors. Also, if a liquid that will expand in the impeller is 
used, with an expanding fluid passage, the temperature of the 
motive fluid is lowered, and the fluid velocity greatly in- 
creased, resulting in much better efficiency for the compres- 
sor; this is similar to the function of converging-diverging 
diverging nozzles in jet ejectors. 

t he operation of the compressor may be inferred from the 
above descriptive matter. A liquid source is connected to the 
impeller inlet, and a gas or vapor source is connected to the 
gas inlet, FIG. 1,11 and 12, respectively. Discharge from the 
6Q compressor is from 13, FIG. 1. A suitable power source, such 
as an electric motor, is connected to shaft 28, FIG. 2, causing 
the shaft to rotate. The liquid is accelerated by the action of 
the impeller, and as it passes through the annular space 31, 
FIG. 2, in pulsating flow, it entrains the gas and carries it to an- 
65 nular space 30, and from there to discharge. 

Materials of construction for the compressor would be 
similar to those used to make pumps for pumping liquids. Cast 
iron, steel, bronze, brass, stainless steel and various plastics 
could be used, 

70 What is claimed new is as follows; 

1. A machine for compressing gaseous fluid and having the 
major components of. 

a. an impeller for accelerating a motive fluid to a high 
velocity; said impeller having a plurality of passageways 
75 that comprise respective initially converging sections as 
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the passageways extend outwardly from tile center ol said 
impeller and at least non converging sections exteriorly 
of said converging sections; said non-converging sections 
defining the discharge passageways of said impeller for 
more effective use of the available energy of said motive 5 
tin id which has been accelerated to high velocity whereby 
a motive fluid may be partially vaporized at the decreas- 
ing pressure due to said high velocity to attain even higher 
velocities for more effective entrainment of said gaseous 
fluid; and id 

b a casing for the compressor, said casing including a dif- 
fuser section for slowing the high speed mixture of fluids 


4 

and converting the kinetic energy of the stream to pres- 
sure, said diffuser section containing a throat section 
where the mixing of the motive fluid from the impeller 
and the vapor to be compressed occurs, and a plurality of 
suitable annular spaces disposed peripherally exteriorly 
of said impeller respectively for the entering gaseous fluid 
and for the mixture of motive fluid and gaseous fluid and 
respective apertures for the entering gaseous fluid and the 
effluent mixture of fluids. 

2. The machine of claim 1 wherein said at least non-con- 
verging section is diverging. 
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working conditions. On more than one railway a valve 
regulated by a spring is attached to the ejector to prevent 
the vacuum exceeding 20 in., this being the working pressure 
Fig fit. in general practice. The reason for this is that, should the 








THE INJECTOR. THE INJECTOR. 153 


281 


♦ <u ~ r to + i ? l t ? w «h © 

t g'g p g.§ g $2-° 

« i" t-o a oro • " P 

•- g £ p . ft ° S § p 2 3 S ? 

OS !? bJD -*^ $ m ^ ® ® £ 


C! O .®"cS 53 “ S p’-k 3 
E? P as ® 

a^o i- ts •-' E ._H 'H'S 

OdJDOj OJjhCJJ 

2 S §^<5'° ► 3 * ®£ 
•2 P,ft2% S * a i'S-a 

■CC tx 0) ^0)^ w 2 “d “7 

So £<£ 

a 2 r 7? G 2 Sh f-, O 

§ P. a O O ®J= a“ 


h'® 3 S-*J P 
Sh <13 O ^ o ^ 


5 © ° © 2 o o . 
’- c_p £‘2 2^*5* ^ 
: 5pT ®.s «■ 

• o 2 o o C | o 

i k ” «JJ i 
; - « S ■£ 4 ) 08 

; s ^ s « ^ 


ft- <D ■"O ■rf • ■“' 

— >. 2 ^ £ 
5 £>3 o 3 

^ a X 


k— ® — 

X*: X ft 9 

® aj ^ 03 

JP/S ®® 
S* 1 « S « 

2 Sjp 
o & i£ jo .-£ 


®J3 0 
JO o CJ 
j-> q a 

q S “ 
o a; o 
p. k> .p 

3 '3 § 

T3 Sf® 
0) £ q 
2 <o 
_gj= O 

^.2 O 

2 ^ 2 

2 ^ «3 

.2 ^ 
<i> c 

•I'SS 

3 q D 
O 2 Sh 

"3 >v-2 
o-t) 

' '££> 
G5 (/) 

^ 2 £ 
S^.2 

> ~ in 
U o W 
.O 02 2 


_C £ © M £ ?^. hX ' 

"Ss^.^ac,, 

'c ’2 S J ° * °’|*£ >-£ p 

03 p 8 g c 2 -S <u ‘~ C 'S^ 

. — * . 2 »*v p *■- 4ft fj j co co ■ f—i 

pr! ^ O E3.2'*’ 5 .h ^ tfi O O 
2 g -g t. 45 . >,"3 <4_, .« Pvo 

|.a 9.2 g® „-S (j.2 2 ° 

£ £ 2 5 "3 Is 2: j?-.§ ’fc o p 

PMcr * e+H ? o p,q > 3 +j 'H 


J.5 c 

5- 2 „ 

5T.2 « 

® aj -H-rj 

^ a & 

CO 'O 5h 
p -p 5i 
H p 03 03 r 

® M C ®P 
h, o> o © 
P. u o^Q 


CO «*H CO C +-| C4-I n 

5 : O 

- 0 * sT3'5 “o 

^ Ig . ggS - S - Sg ' 

.H D 3 

^ ^ 50 g ^ 

T 3 OtfCg bp ' O'O &£ 
<l>Op) H ^ 5 W O 

. sgkSa -*^ 

g - 

S - S 3 -S ^^3 8 

S |5 g . sge s ^ 

<v ^ o _, l! ^ o 

? * ^ ^ 6nr o 

o ^ l— 5-^.5 o> S-x 

p ft U)a) a) c$ 

C-I S^-g | 

^503 v 5 8 ® 

-g c« 13 S ^ a? bc'g. _ 

-c 5 ?5 x odC'- 
u p *, 2^5-2 
^ ^ d | •-H'S l 


<£)*+* U O 
^P O 03 -P 
-P 

p np q 2 

■- 023® 

43 0^2 


w ”5 4> 

2 >s2J 
O 4> <p +» 

2 


CC^'co a; 

g » 

.O -•, t*_( 


— 2 3^ 
o? O O p 

< s -2 0 a 


gEaSSo 8 Kfl + .? S fi 3 

® > g-S 9.2,® g5 g-i3 ® 

2 c ^ > D P 2 w 4) -h op 

^bfio!<P-2i.^+3c3c6 r CJ ^ c3 -*-> 


O COW x c OT3 a cu >j 

ft J 3 2 § $ o 5 

■ft o ^ Q 2 -*- i S 

^ d — p -t2 S g o fi o » Zl 
a vV, O'S^-0 2 8^3 «s>-£ ®li 

e lpi |. jlj § i : o||S 
1 % l ” J 1 - : si . s | j ;| § S > . J 

OS'S £ oSrt ^"3' pt 3 ^ § g'S 

o 2 n^J% $ a £ ° 

_! ®5-- ^ ^' S) 0 S S = a 2 1 g 
2 Sg ^ l | gapS ,«5 gg ^ o 

A C E” S0=« o C'”-S « q q O^ 
S '3 S . s .5 q ?' Scfld 2 » U k 


m Sj 3 o .-^ Sag ^ Pos^wq 
® E ^ s ^3 c {5 e'S g 
p a^S=)H.2 ®^ a ®5'3-° “-P §,g 

,H .« 3 O c ^ a -*-j J-2 w 

.Hl's^g p S rt p S^ 


^ S 2-q ® «■: °-« p q 

^J3 s_, g g*" a-Sj^ss §>« g g 

Hr)!) O ^ 2 „ “•'■ — 1 2 ,_( (11 w 

" S'P s| £ S 


« § £2 E g ® 

ai.2-2 P,g c ? « 

r ~’ +J -0_.P® p *ri 

p i P fe be - .5 

c3 O ® _J -P rn 

. jpps 5 ® q.5f> . 


■ S 

J OS a ^ 60 -.S o ® q,2 “f 2 c'S 
d o iu r ^23 bj2 h ir l y 

O n, 5i fe.2 2 23 -O ^ CD _ cd — i 0 


O o fe-S 2 ^ * 5 -*o O *r; 45 __ 0 

C oj-O 2 2 ~ g:g O ft - 33 

O Sh j§ r S <U O O B 3 d S fj ft 

^5 J C cg ! 8.§ o >'£ I g |^- d <£ 
fegq |5 S ' l ^| g ) g | - S>P 

t ^ ft.s _, S ) S ,' E .2“ 2 gt 2§ g -2 

•77 5 2 2 : ^5 0 0 2 a 2 ^ ^ o 20 4ft o O 
o fto4-> 2 . — I 4ft O 2 • — 2 < 3«4-(i— I 2 Sh a 


P3 w CD •» 

5 ^ | 

^.^jp l 

© O 
'“O Ti *rt fafl 

n3 ^ ^ 

2 - WJ2 

•s fe5® 

Ei ® £ o 

W O 03 o 

ft 

41 ■”" & ^ 
Ih » © 

. 5.3 ® 
flr S^ ® 
8 8^5 

ft - jj 2 

? s p-- 
So a -a 
jp-p s s 


Qft CO C -H -ft OO 

PS.tijq P g C g 3 P - 
■ t> fT , 0 g £ S “ °^ q 

^ Pb ? r 5 J > v— 1 o ) w 

>> p . ® w -g ®T< £ o 
j s k J , efi jq ,q C 2 

OSfCQ ^ ft+3 C«s 2 

p 5 ^ >*j ft^ 5 ® p -° 5 

S go g 9 

.S.-a|«-c.a.s §' US 
w «“.3 b 3' S Si £ >> 

§§tM^aS.P 
Eg §« e 
q^'g^ ®-S 8 

^p ® I^-S 
.S-ot 

PiJ«0«3^S 

^lgg|'S§^1 

a° JS ^S' 

o w r* o ^t3 ^ <d 2 

o ®5 g>p^O p 

t , rf J.H k P - , ®® 
o o p I* °s|g ^jps 

<« q o S ' 60 ^ fi h * 

-2 '-.2 g &SSg 

a ^g£2- q® £ ^ k. 

s ft4g 

■ o -e 2 rf -- s-e 3 -e > 


p g^'g 

O V4).h 
Sh * 2 ft^ 

■ife® 

ftei 

2 - p j. 

2 ^ orv, 
0 - 2 ^ 
r* ^ 

C 02 , 
id o 3 ft 

ftl^ 
a) ^ w 

23 _ CD ^ 
4 j tn d 

ft 2 

/'-ft w 

"2 q P 
PT3 .2 oi 

S 2.^8 


a o £ 2 

ft 4ft ^ W 
2 >> 

— - -G >, 

a5 ©m o 2 ^ 2 o> ^ ‘C — 

*— ; OO o tc O rtn !n o ^ _d 2 cd 2 

° p | og p ^ ® E 0 

'S'o^o o o g’boP 3 gs o®°P 

to 2 ° -kg8g M ^.5 5. S ^JPP’g 

.2^® rS '..2 §3^ g §• £ ogE“.H55 
®5i?E g^cS s . h c 5®4 §2 * ^ g 

8 “= 3 o S ftoP ® »-2 ,-2 £.2 

E®.lftsS ° p §,<? p-g' 0 S p 2 -3 
^js'S g fi-.2°'S.S a^.12 S 22 5 ft 

W " ft ^ 2 Pc - o *>- o ft 3 +j 4 ^ 5 cF - ^ q ® 


- 23 O-- 

5“.H55 


ft- 2 •— ft— 2 w G . 
2 y d ft C ' 

W ^ 2 ^ Pc - 4 

a -r 2 > 

d O ft O ft r* 

b 5 pc so .5 



282 







283 









284 








285 






286 




<D 

X 

(0 

D 

H 


Ph 

P< 

H 


< 

w 

H 

co 

O 

»— < 

Ph 

CO 

CO 

o 

q- 


d 

ti *c 


rt 

4 -> 

rt 

6 

rt 

D 


o 

rt 


C 

.9 

u 

rt 

rt 

O 

o 


bo 

<+-« CJ -4V 

° ‘C * * 

rt 

•M frt r- 


d 

^ 5 

2 8 

zz x 

>' V 
•X ,rt 
-*— < 
tO 


rt 01 

rt r-» 

cp iz 

x 

d <v 


rt -rt 


co qp 

CO r- 

v rt. 



D 

htp w 
•rt <u 
*X3 co 

t 4 rt 


rtn <U 

H b c ° 


v. o* 

W a; 
H -5 
w 

P d 

V. o 
v» 

P 4 rt 
pc, rt 
OT ^ 

. D 

o — « 
O rt 
rt- \pJ 

a 

<v 


D 

o 

co 

qp 

O 

Cj 

73 

£ 


CO 

£| 

■ —• 

rt 

bO 


.5 

D 

Vi 

‘vP 

P 

a, 


to 

8 

d 

d 

-rt 

CP 

H 

£ 


d> 


4-* 

d 

$-« 

u 

D 

rt 



"rt 

rt 


»-. 

? 

d 

4> 

CP 

PP 

E 

-*-* 

a 

X 

-*-> 

•rt 

rt 


rt 

rt 

D 

D 

CO 

PP 


O 

cS 

o 

4-* 

f* 



o 

D 

c 

o 


D 

6 


<u 

rt 


qp 

c 

rt 

CO 

CO 

rt 

V-* 

-O 

v*_« 

O 

D 

c 

o 


d 

PP 

PP 

p 

o 

-rt 


CP 


1) 

X 

4 -J 

d 

bo 

o 

qp 

d 


rt 

o 

u 

CP 

rt 

V-, 

4-5 

rt 

O 

np 

bO 

rt 

"rt 

O 

(D 

g 

D 

7p 

OJ 

rt 

U 

X 

*-* 

4> 

PP 

PP 

O 

O 

< 4-4 

D 

-rt 

> 

o 

4 V 

c/T 



D 

JP 

( C 

bo 

C 

-rt 

rt 

(D 

bO 

D 

co 

O 

H 

CO 

£ 

cO 

4 -* 

rt 

-rt 

73’ 

j 

6 

■ 1 


u 

co 

o 

i 

np 

. 

+-> 


0-1 

£ 

-o' 

rt 

O 

qp 

•5 

qp 

<1 

a; 

CO 

CP 

rt 


CO 


<D 

JP 

U( 

<D 

D 

CO 

h 

CO 


4-» 

rt 

’C 

j— 1 

ing 

d> 

-rt 

o 

rt 

D 

O 

*rj 

rt 

CO 


-rt 

4 -» 

W 

QJ 

-rt 

CD 

co 

o 

6 

qP 

qp 

rt 

bo 

.£ 

H 

rt 

73 

*-• 

CD 

rt 


CO 

c 

*d 

6 

D 

jo 

o 

T3 
< V 
CO 

c 

rt 

rt 

O 

co 

(D 

-rt 

4 V 

*rt 

> 

D 

rt 

rt 


aj 

"O 

rt 

U 

b*-» 

W 

-rt 

4—4 

O 

qp 



$ B 

d « 

H d 


bJO 


3 

H C 

CO 


p 


ffl 7 

- u >" 

- rt JO 

. D PP 
m CP rt 

M ^ 

+ £ -g 

H rt 


o 

CP rt 
C X 

X .£ 
.9 qp 

f T3 

*" £P 
_r rt 


o 

-O 

d 

-rt 


.a b 


- O "S 
>- -° ~ 
p •g .2 

V*C a. c 

rt 


C b/) p 

rt .S 5 
rt Foi 

rt 


*s ^ 


rt 

bO u 
rt 


bo 

rt 




287 



T3 

0) •> 
m <y\ 


3 

03 

CQ 

0J 

■H 

CO 

•H 


X 

3 

< 

4 -> 

c 

3 

i — l 

C3 

3 

<u 

& 

o 

&J 


3 

0) 

4J 

m 


i_n 

I 

co 


+j 

4H 

O 

3 

U 


Phv£) 

<r 

o-* 


t 3 

QJ 

£ 

TO CO 
3 3 

CN] O 
CJ 

S 


TO 

QJ 


Q-i >H 

3 ' 

Q 


o-) CO 

<r 

• LA 

« I 

CM 

rOCO 

X> LT\ 


111 
X> 5 yj 



d 

<L> 

0) 

<v 

"0 

p 

o 

a 

a* 

o 

a> 

D, 

o 

d 

o 

►— i 


a 

o 

4 0> 


3 

s 

o 



£ 

o 

*c3 

T3 

2 


'/: 

r/j 


o 

U-* 

e 

a 

a; 

o 

Ld 

ci 


-*-> 

O 


cl 


Cfi 


> 




288 




289 


H> 

i c 

-H co 


P O 

S**c 

o> jd 

n a 

.g 8 

o S 

+-» +-> 

B rt 

<U u. 

-d ^ 
+3 TJ 

* § 
bf 

d oj 
•H -*-> 

a d 
<3 a> 
-+*■* ^ 
a> ^ 

(D 


"S 4 

Sj 


E 


Km 

o 

_ Li 
4) p 


o '3 

S g 



L, 4> £ 

*> 43 *-* 


<v 


S -* 


0) 

43 


L 

a> 
r d 
o 

43 


•I .g 

T3 _ 

a <v 

c3 ^ 
<V 

lT 

* w. 

rd a? 

° H 

, q g 

0) 

43 
-♦-> 

.9 


a> 

43 


ro 

a? 


43 

4) 80 

d 3 
O 

a? J3 


2 o . 

43 _Q > 

~ cfl o 

= ? 
-o 3 * 

J J § 

— • —< 

* 

2 

4> 

-a 
d 
o 
o 


2 co 

I « 

v is 

g-3 

S .3 




1 § £ 2 ^ 
s ■ : 

*a ^ m 

§ 2 £ s 



290 




bC rCj o h- j. aj 

|a; j 

3 MS o as 

1 ) .9 Q P OJ 

ts s § 3 £ 3 



ftO !' c 5 ® co 


a ° £ 

«J fl) O 


«J g 
O Q< • 

« 8 g * „ K - - 
* a | a a 5 3 
S S ”12 5 » 
•3 ® “ a af 

' s s 1 * a a « 

-3 I d k « s 

to £.2 a a) ja 

- .g 9 - ffi S 5 1 

l! j I? 

i £ I -’ S f 

j* i]l 

■g-a g-S JS-“ “■ 

fel ~ 


£ S' 


s * 
a a 


^ S ~ 5 . 






291 


5 

0 

ja 

« 

I 

rt 

o 

"? 

1 

’ I s * 

Sill 

1,846 

2.258 

2.609 

2,949 

2.873 

3.518 

4.062 

4,542 

3.486 

4,270 

4.931 

5,514 

4,147 

5,085 

5.898 

6.564 

5.651 

6.922 

7.993 

8.933 

7,430 

9,039 

10,441 

11,672 

!l»l 

S 1 1 S a 

•o «e n. oo 

2 35 S 3 

1C llj H 

oo © m* n 

§ 2 s 3 

4 oo i> *6 
O N «f tO 

M -f N N 

*f *o o o 

■C S (fl (O 
M *0 N. © 

f S « 

'H (C K Cl 

O !>• o *>• 

COMO 
^ Fl N M 

22,290 

27.118 

31,322 

35,017 

* $ i 1 
3S-! 

^ H N C 

= S 3 S 

M r> «* V 

N « f? N 

S § § 8 

** »o « ^ 

52 »o o <n 
OO O 01 o 
o 6 ft co rt 

'O s to a 

a 0 o to 

0 ? »- ab f- 
O'OOO 
® oo oi - 

§ S g 

o — * co >o 

12.537 

15.252 

17.616 

19.694 

° S *1 

■a • 1 1 

o * -g 


a 2 s q 

*S i- oi o> 

ar^sg 

• 

a* 

55 oo n n 

s 1 i S 
ssfg 

M 

X 

i 5 t f 

i w o <2 
oo o — * c4 

3 S 8 cl 

5> h © © 
-f O €•♦ — 

— 4 co 00 

- oe n (5 
Q rt «5 

•T 00 — * CO 
-* H N N 

l|i*| 

'" t~ r 
S'*, a 1 g 

® .; s, § ■- 

area 

Q "> © *0 
•o O', o M 

• 

S K 8 S 
X 

c t V 

■}?5 

4 ^ c 
Q *<5 0 

X 


00 

o 


J3 

u 

8 . 

-O 

ii 

9 

tt 


8.J 


fc" 


£ ^ 




292 


* 5 * 


C J a .p 

I* 5 1 1 

“o m is 4 

-2i3§ S S 

i^|S 

SjE-S 'S 

GS^J | 

~ 2 t 3 D s 
gag 

8 8^-3 « 

:s-a «= 3 * 


° > 

S is « ri d 
, Q- n; ^ J? ~ 

5 . P M 2 j 

4 * ij T 1 *3 

8, u S a r 

if a ^ ’ 

i-'-S 

I -s :• i 1 

4) a 41 -o S' 

•2 3 e 3 -3 

. 43 ^ 0 d 
.9 X! g XI _ 
2 w Sh 

— x*^ •-< 

Sail S 


.£ a » - 

. 43 *2 •” 

2 5 M 8 
iS t S 

k O rt 


w Pj w, 
g flj w 

Oi V .H 
*• 1 ! 
1-8 ? 
Ill 


— _ W J-t 'W 

-Q O, -3 *-• t ♦*' 
.tJ 0 ^ - O fl 

£ C © S 3 3 

ii"l it 
hi«i 3 
?sii* ; 

-2 a g. a .9 8 
& fc 3! •{$ g - 
^ I u I a & 

2“ -C3 C Cl, O 
2 v B m C 


I 111 

1 , 2 *3 

> d> ^ *T 2 

! .&" 4 , 

, a .9 JJ 

Lias 

! <* » J5 

u-. 43 

» O ^3 X 
I «j ♦"* d 

I S3 s 

j J S 1 

| 91 0) ^ 

^ 41 J 'rt 

1 M q; 23 
I ^ o ”C . 

[.a e & a 

i *o .p S $ 


2 | G x 
§ a 2 r 
a % 3 * 
S s «1 


a M 8 -Tl 91 , 

O x 5 S D. 

•5 s : s . 

i-a § J _§ 

S3 ^ o eS -*-> 

03 $ ^ OJ 

ej Jd -4 • 

* ~ *- 3-9 

5 J? +-* ro 

•d O W 
C c 3 O 

&1 |.a s • 

l 111 S: 

o a ^ , 

i i —M fl) r* 

S d. -o * g • 

.9 p a 9- — 


4 , J S 
•3 cj ~4 

a 3 z a; 

03 *72 7} — * 

° rj d 

-d mi ft> 


a wy -- w 

e $ o J 3 -f 
h g -a - g 

“ § HsJ 

gji S| 

-P £ 


§ c 3 - c 3 

2 <D _2 o> 

d CO ® M 


^jb a 

‘ 1^5 


&- 5 J 

d fl >. 

he ^5 ’2 

I .a i 

1 -al 

O.JB « 


.2 ^3 **- 

a -a SB 

“ ° -r i 

" IS S 


■Sag 

be . 9 - 

.9 a d 

> 3 0 ) " 
m to -d 

■*—'*-* rtj 

43 ?5 -«-i 

T 3 xl d 

. o +-* 

o .2 rfl 


i-S 2 S 

4i d 

9 .9 m 


*** -*j ■*» 
O cl ol 


lO 

CN 

9—4 

CJ 

100 

X 

S 

<o 

S 


s 

M 

9 


30 

,ol 

8 

6 0 

O 

00 

1—1 

O 


=S ■; K 0 

aJ « ^5 
C be 


s. 3 

g fc| j 8 . 
! ag-c c- 
w cj 


bC 5 -rj 

.3 fi s 

n, ^ cn 


r ^ 

Hi, 

V ’> B 
c ^ 4 - 
tl . « tr 


3 TH ~ 

il - ? » u , - 

ii ® i s.z 5 ? 

i 5 ° a • § £ 

: 8 •> 12 w 4 H 


43 O 

-fl 

ft; *} 
bt U 2 

&ll 

■a J 8 

, 7 * u 43 

* ,0 M 


* ~ 43 43 

12 3 

^ T 3 95 
: ' 3 H 

■So. 

t - «* 


4j iO 

fr rt - 

K 3 _ 

o j. fl, 

4- 

^ a ? 

8 w 

u! '/) 

•“ -3 4 . 

£ fc 2 

g D. 4, 

$Z G 


3 11 
v 2 3 
c ffi s« 
. C. - 0 
a >:3 
ax g 
— ■ o 

4. X 


i : *3 

6 . v C 

E x 0--S 


M. — 

0 e 2 “s 

2 ^ 


E 43 

2 L I § 

dJ o 
. u o 
^ D, 

^ rl ^ 
N £ w 

-a! 

i 2 g 

£ t 5 « 


'2 n 2 2 

"s? c 

v s 9 «< 


° 2 a 

8 x| 

w-. __ r. 


— 2 in a 

nJ 


3 ^ • 

li &■ 


& , G 

m n w 


x 

■* to tj 

‘f £ o 

jS f c 

^ a* 
<• Jr 


n c . 
b v £ 
«3 d 4 


*ts ® d 
© he t, 

III 

°-t| « 

§j> gg 

1 g £ 

d ^ t 

^ § o 


3 "d 
.2 3 
.2 o c 

> p£J 43 

g « A 

* Z 1 

•d & 



293 


X 


a 

Oh 

5 ! 



g ^ 

► 

jlj d d 

aV ■ 

^ o 

5^ o 

O N oo o> 

p 


§ fa 

u « o oo 
r N O) 6 

*.«-■ 

£d 

o 

« ^ »o C 

B 


Q OO to *f< 

-< cd id 

Siii 


o 


M CO 


d 

88 5 8 

cd ^ id 

R R If 

N 00 OJ 

d 

C* h- CO 
CJ N CO 
(N (N TO 

ii n r 

^ lO <o 

d 

o 

lO y * I CQ 
10^0 
O 1-i *-J 

fl R R 

d 

h w n» 



o 


All decimals are repeating decimals. 
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Pipe manufactured from double thick iron is called X-strong in lead working. Among the principal tools are saws such as a 

pipe, and pipe made double the thickness of X-strong is known compass saw and double-edged plumber's saw; spirit levels , 

as XX-strong pipe. Both X-strong and XX-strong pipe are looking glasses used in making underhand joints, etc.; the 

furnished with plain ends— no threads unless specially ordered. plumber's torch, used also by engineers to explore the interior of 

boilers and other dark places about the steam plant; chisels, 
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will be necessary, then, to take into ac- 
count the angle at which the funnels 
taper. 

It is practice alone which can deter- 
mine the best arrangement of this appa- 
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